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NOTICE

The statements and conclusions in this report are those of the contractor
and not necessarily those of the California Air Resources Board. The mention
of commercial products, their sources or their use in connection with material
reported herein is not to be constructed as either an actual or implied
endorsement of such products.
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FOREWORD

Broadly speaking, one can divide the ARB current or potential needs with
respect to particle sizing into three classes: (1) regulatory, including
setting of emission standards and compliance testing; (2) control strategy
development (emission inventories) and permitting (control device selection,
etc.); and (3) basic research and development. Of course, considerable overlap
exists in the types of information needed for each of these activities,

As currently foreseen, possible regulatory action on emissions may take
place based on one or both of two particle size classes. The first, and more
likely, of these possible regulatory actions is related to the PM class
(particles having aerodynamic diameters smaller than 10 pym) for which a state
ambient air regulatory standard has already been set. The second class for
possible action concerns fine particles, those particles having aerodynamic
diameters smaller than 2.5 pm. In either case, the regulations may be chemical
species and/or industry or process specific as well as particle size specific.
If particle size specific reqgulations are set, compliance test methods would be
a concomitant necessity. Development of an emissions inventory would be a
preliminary activity prior to such reqgulatory action - such an inventory is
currently being constructed within the ARB for the PMl class based on such
information as is now available. The number of size cgasses (and the resolu-
tion) required for these activities is obviously limited - only one or two size
cuts are needed and relatively simple and inexpensive techniques are desirable
if they are to be used as compliance tools.

Greater resolution than that needed for compliance testing is desirable
for activities related to permitting. The performance of many (or most)
particulate control devices can be predicted for a given source from a broad
base of experimental data and models provided that the gas stream conditions
and the particle size distribution of the material to be collected are known.
In most cases, the critical size range for estimating the probability of
achieving a required level of control in this fashion is from about 0.1 pm to
20 ym. Resolution into about eight size classes, evenly spaced in terms of the
logarithm of particle diameter, over the latter range is generally sufficient.
In some instances specific target chemical species are of interest which may
not be homogeneously distributed with respect to particle size. In those
cases, size segregated samples suitable for chemical analysis may be needed in
addition to data for overall size distribution. Three to five size fractions
may be adequate for this application. '

The needs of the agency with respect to basic research presently fall into
three areas. The first is providing support for the activities previously
described; the second is the development of a data base characterizing the
principal types of industrial emissions in the state; and the third is con-
cerned with particulate chemistry. At present the main concerns in the area of
particulate chemistry are primarily emissions of toxic substances and
substances which act as catalysts in secondary aerosol formation.
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This document serves as the project final report for ARB Contract
A3-092-32. Under this contract three proposed sizing methods were selected and
documented: (1) Source PMl Method, (2) size Distribution Method, and (3)
Sized Chemical Sample Method. This report describes the Pertormance
Specifications, Methods Review, and Equipment Selection for each of the three
methods. Separate Procedures Manuals were prepared for each of these
recommended methods. Each of these manuals includes discussions of the basic
operating principles tor the selected equipment, a field protocol, and a
detailed data analysis procedure. These manuals are provided as attachments to
this report. This document presents brief summaries of the three pProcedures
manuals and a discussion of the field demonstration conducted at ARB's
Sacramento offices in January, 1986.
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ABSTRACT

This report serves as the project final report for ARB Contract
A3-092-32. Under this contract three proposed sizing methods were selected and
documented: (1) Size Distribution Method, (2) Sized Chemical Sample Method
(Method for Obtaining Size Fractionated Samples for Chemical Analysis), and (3)
Source PM Method (Method for Obtaining Size Specific Stationary Source
Particulate Information Using the Emission Gas Recycle Techniqgue). This report
describes the Performance Specifications, Methods Review, and Equipment
Selection for each of the three recommended methods. Separate Procedures
Manuals were prepared for each of the three proposed methods. Each of these
manuals includes discussions of the basic operating principles for the selected
equipment, a field protocol, and a detailed data analysis procedure. These
manuals are included as attachments to this report. This document presents
brief summaries of the three procedures manuals and a discussion of the field
demonstration conducted at ARB's Sacramento offices in January, 1986.
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SECTION 1

INTRODUCTION and CONCLUSIONS

This is the final report on Contract A3-092-32, "Recommended Methodology
for the Determination of Particle Size Distributions in Ducted Sources". In
summary, the project objectives were to provide guidance to the Air Resources
Board, or ARB, in the selection of measurement methodologies and equipment for
particle size related measurements of ducted (stationary) sources, to document
the performance of the selected methods, to provide complete protocols for
sampling and data analysis, and to provide documented computer-based data
reduction programs for the treatment of field results obtained using the selec-
ted methodologies. The work on this contract was carried out over the period
from July, 1984 through May, 1986 under the direction of the Research Division
of the ARB. The effort was. coordinated with the Stationary Sources Division of
the ARB as that group would be one of the primary users of the methods.

The major efforts undertaken during the course of the contract were the
following:

Review of the needs of the ARB with respect to size related
particulate sampling at stationary sources.

Development of specifications for the methods and equipment
to meet the needs identified above.

Review of available methods which mlght be applicable and
selection of candidate methods.

Characterization of the selected methods in terms of operating
principles, theories, and empirical performance.

Development of field sampling protocols for the application
of the methods.

Development of data reduction protocols and computer programs
for data analysis and reporting.

Provision of a field demonstration of the methods for the ARB
and other interested parties at the discretion of the ARB.

The work was carried out in two phases. The first phase involved determ-
ining the needs of the ARB, generating specifications for the methods, review-
ing available methods, and finally, selection of the proposed methods. The
second phase consisted of indepth analyses of the selected methods with respect
to their theoretical bases, their empirical performance, known problems and
interferences, development of field protocols for their application,
development of the data reduction protocols and programs, and demonstrating the
selected methods to ARB personnel. Summaries of the efforts in each of these
areas are given in this report. The background information, field protocols,
and data analysis protocols and programs for each of the three proposed methods
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finally selected are provided in separate documents, one for each method, as
attachments to this report.

Conclusions

Three identifiable current and future needs with respect to particle size
related sampling of stationary sources were found. These were as follow:

1) A method for obtaining particle size distribution information for
satisfying needs related to emissions control and downwind transport.

2) A method for obtaining size fractionated samples in sufficient quantity to
permit chemical analysis for identifying the particle size fractions in
which certain toxic, hazardous, or other environmentally significant
elements or compounds might be concentrated.

3) A method for measuring PM10 emissions from stationary sources in support

of the ambient PMIO regulations and possible PMlO source regulations.

Inertial sizing using cascade impactors was selected as the proposed

method for the measurement of particle size distributions. The equipment and
protocol provide for measurement in five to eleven size fractions, depending
upon immediate goals, over the size range from about 0.1 micrometers to about
15 micrometers. Series (or cascade) cyclones were selected as the proposed
method for obtaining size fractionated samples for chemical analysis. The
selected equipment and protocol for the latter purpose will provide samples in
six size fractions with fractionation points in the range from about 0.25
micrometers to 10 micrometers. Finally, a method was selected for PM
measurements. This proposed method is currently under development by the US
EPA. The method uses the technique of emission gas recirculation to provide
full flexibility in meeting sampling traverse requirements while maintaining a
10 micrometer particle cutoff diameter and general compatibility with the
current Method 5 for particulate sampling.
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SECTION 2

PERFORMANCE SPECIFICATIONS, METHODS REVIEW, AND EQUIPMENT
SELECTION FOR THE ARB SIZING METHODS

2.7 Summary of Agency Needs

The particulate sizing needs of the ARB were reviewed and assessed using:
the original request for proposal on which the contract was based, a meeting
with personnel of the ARB in Sacramento, a meeting with personnel of the South
Coast Air Quality Management District, and a telephone survey of various ARB
personnel and its contractors. The purpose of the review was to define a set
of performance criteria on which to base the selection of particulate sizing
methods for application mainly by the ARB, but it is expected that local air
quality management districts, industries, and consulting firms within the state
of California will also become users of the proposed methods as well. As
determined from the meetings and surveys, potential end uses of the data to be
obtained by the particle sizing methods include basic research regarding source
emissions, potential health and toxicity effects related to specific elements
and compounds which might be concentrated in particular ranges of particle
size, development of particle size related emission inventories, and possible
compliance methods for potential particle size related emission standards (e.g.
PMlO)' It was anticipated that three or four judiciously selected methods
would cover the bulk of the agency's particle size related sampling needs.,

The more important factors to be considered in the review included such
items as the sizing ranges and resolutions needed to accomplish the goals of
various parts of the agency, the particle size conventions that were most
appropriate for the agency's applications, possible needs for chemical analyses
of size-fractionated particulate matter, and condensable and/or reactive
components of the gas streams. Other items to be considered in arriving at the
specifications were such things as test duration (sampling time and number of
samples required) that might be needed to characterize a source, ease of
handling of equipment, applicable concentration range, ease of sample recovery,
applicable range of source conditions, interferences, and accuracy.

Broadly speaking, one can divide the ARB current or potential needs with
respect to particle sizing into three classes: (1) regulatory, including
setting of emission standards and compliance testing; (2) control strategy
development (emission inventories) and permitting (control device selection,
etc.); and (3) basic research and development. Of course, considerable overlap
exists in the types of information needed for each of these activities.

As currently foreseen, possible regulatory action on emissions may take
place based on one or both of two particle size classes. The first, and more
likely, of these possible regulatory actions is related to the PM class
{(particles having aerodynamic diameters smaller than 10 um) for which a state
ambient air regulatory standard has already been set. The second class for
possible action concerns fine particles, say those particles having aerodynamic
diameters smaller than 2.5 um. In either case, the regulations may be chemical
species and/or industry or process specific as well as particle size specific.

2-1



If particle size specific regulations are set, compliance test methods would be
a concomitant necessity. Development of an emissions inventory would be a
preliminary activity prior to such regulatory action - such an inventory is
currently being constructed within the ARB for the PM1 class based on such
information as is now available. The number of size cgasses (and the resolu-
tion) required for these activities is obviously limited - only one or two size
cuts are needed and relatively simple and inexpensive techniques are desirable
if they are to be used as compliance tools.

Greater resolution than that needed for compliance testing is desirable
for activities related to permitting. The performance of many (or most)
particulate control devices can be predicted for a given source from a broad
base of experimental data and models provided that the gas stream conditions
and the particle size distribution of the material to be collected are known.
In most cases, the critical size range for estimating the probability of
achieving a required level of control in this fashion is from about 0.1 um to
20 ym. Resolution into about eight size classes, evenly spaced in terms of the
logarithm of particle diameter, over the latter range is generally sufficient.
In cases in which specific target chemical species which may not be homoge-
neously distributed with respect to particle size are of interest, size
segregated samples suitable for chemical analysis may be needed in addition to
data for overall size distribution. The size resolution for this application
need not be as great - three to five size fractions may be adequate.

The needs of the agency with respect to basic research at the present time
appear to fall into three areas. The first is providing support for the
activities previously described; the second is the development of a data base
characterizing the principal types of industrial emissions in the state; and
the third is concerned with particle chemistry. The main concerns in the
latter area appear to be primary emissions of toxics and emissions of catalysts
which may play roles in secondary aerosol formation.

2.2 Specifications (Performance Criteria)

In this section we have subdivided the specifications by usage rather than
attempting to generate a uniform set of requirements for all sampling methods.
Some specifications can be listed which are general to all sampling require-
ments. These general specifications are dealt with first. 1In addition, we
have separately presented recommended specifications on which to base the
selection of methods for each of three classes of measurements: (1) PMIO’ (2)
moderate to high resolution particle size distribution measurement, and (3)
sampling for chemical analysis of size fractionated material. Separate specifi-
cations are better suited for purposes here since the requirements for each of
these classes are different and in some cases conflicting. Further, the
subject of condensables is treated separately since problems related to them
will probably require special treatment(s) in a fashion(s) that can be applied
in common to all of the three particle sizing methodologies. In developing
these specifications, we have attempted to confine them to properties that will
insure that the methods finally selected will be optimal for ARB's purposes
without making them so unduly restrictive that little likelihood would exist of
methods existing that could actually achieve them.
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First, it is necessary to clarify the nomenclature used for defining
particle diameter. A number of conventions are used as bases for the presenta-
tion of particle size distributions with respect to both the definition of
particle size and the property of the distribution presented. Particle size is
most often defined in terms of a "diameter" implying that the particles are
being treated as spheres - this may be rigorously true or only a useful
approximation depending upon the circumstances. The most frequently used
diameter bases in air pollution work are:

True diameter - the actual diameter of the particle. Useful only if the
particles are spherical.

Stokes diameter - the diameter of a sphere of the same density and
settling velocity in air as the particle in question. (Equals the true
diameter of spherical particles). This definition is often used as an
approximation for estimating the volume or surface area of irregular
particles.

Aerodynamic diameter - the diameter of a unit density sphere which has the
same settling velocity in air as the particle in question.

Volume equivalent diameter - the diameter of a sphere having the same
internal volume as the particle in question,

Surface equivalent diameter - the diameter of a sphere having the same
total surface area as the particle in question.

Area equivalent diameter - the diameter of a sphere having the same
projected area as the particle in question.

While no set conventions exist for selecting the diameter basis for data
presentation, certain bases are favored for use in particular applications.
For instance, the aerodynamic basis is the preferred choice in work related to
inhalation and health effects and in wet scrubber technology; while the Stokes
diameter is favored for work related to light scattering (opacity) and in
electrostatic precipitation. In most cases, convenient transformations exist
for changing from one basis to another, however, this may not be the case if
the particles are highly irregular in shape. Because of their widespread use
in research related to health effects, visibility, and control device tech-
nology, the methods best suited to ARB's purposes will be those for which the
natural diameter bases are either aerodynamic or Stokes.



2. 2.1

General Specifications

The conditions under which industrial source sampling are carried out in
themselves dictate certain specifications which will be shared in common for
all methods to be selected. BAmong these are features related to portability,
support services required, operational temperature limits, corrosion resis-
tance, the sampling platform and port dimensions required, and applicability
over the range of particulate concentrations expected for industrial sources.
These common specifications are as follows.

1.

2.

5.

10.

11.

12.

Provide a measure of total particulate loading.

Provide usable samples from sources having any concentration within
the range from 0.005 to 50 grains per cubic foot.

Provide measurement of the weight fraction of particles smaller than
any (the) specified size to within 10 percent of the stated size, with

95 percent confidence.

Be applicable in stacks having -5 to +20 inches of water pressure
differential to ambient.

Be applicable at sources having stack gas temperatures in the range of
0 to 450° Celsius.

Be capable of obtaining a representative sample from stacks having gas
velocities in the range from 10 to 100 feet per second.

Have a maximum single component weight of 50 pounds.
Be resistant to corrosion by acids and alkalis.

Require port dimensions no larger than four inches in diameter.
(Three inches preferably.)

Be capable of traversing the stack.

Require no greater electrical service than that needed for EPA
Method 5.

A maximum length of any single component of six feet (probe
excluded).

Devices meeting these specifications are man-carryable, amenable to use in
the normal physical environment under which source tests must be carried out,
and capable of withstanding exposure to the {frequently) hot, corrosive stack

gases.

The velocity and traversing requirements are necessary in order to

insure that representative samples can be obtained, even when the particulate
matter is stratified within the duct or stack.
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2.2.2 Specifications for Source PM10 Method

The PM10 methodology can be expected to be used by the ARB, local control
districts, and industrial and consulting organizations. Because the method is
to be developed ultimately in support of the California PM ambient air
quality standard, which is based on aerodynamic classification, the aerodynamic
diameter basis is appropriate for it as well. If it is to be used as a compli-
ance method, it should be applicable by personnel having the same level of
expertise as is currently required for ARB Method 5. The method should be
modeled after ARB Method 5, except that the sampling nozzle be followed
immediately by an inertial collection device having an efficiency of 50% at an
aerodynamic diameter of 10 ym. Deviations from Method 5 should be limited
wholly to those required to achieve the 10 um size cutoff. The sharpness of
cut of the collector should be such that its collection efficiency curve when
plotted in log-probability‘coordinates has a geometric standard deviation less
than or equal to 1.7. The latter value matches that specified for ambient PM10
samplers.

2.2.3 sSpecifications for Size Distribution Method

Moderate to high resolution particle size distributions are needed in
research applications of ARB and for use as a basis for estimating expected
efficiencies of control devices for control device selection and permitting.
Experience has shown that for most applications the critical range over which
size distribution data is needed is from about 0.2 um to 10 um, together with
total concentrations for the ranges smaller than 0.2 ym and larger than 10 pm.
Sufficient resolution for modeling the effects of control devices, estimating
overall control device efficiencies, predicting stack opacities (for noncon-
densing stacks), and characterizing the fractional collection efficiencies of
operating control devices can be provided by separating the aerosol particles
into about six to eight size classes within the 0.2 um to 10 um size range.
The latter range also includes "respirable" particles and consequently is of
special importance in health effects. The actual size distributions of most
natural and industrial aerosols are such that they can best be described by
distribution functions in which the logarithm of the diameter is the argument
(for instance the log-normal distribution). Thus the resolution specification
for the method can best be given in terms of log (diameter). Size fractiona-
tion at steps of 0.25 to 0.333 in log (diameter) over the 0.2 to 10 um range is
expected to be adequate for most foreseeable needs of the ARB and other
potential users of its methods. The sharpness of cut provided by the
classifier(s) should result in separation efficiency curves having geometric
standard deviations of less than 1.5. The size fractionation must be well
characterized with respect to performance changes produced by changes in
operating conditions.

2.2.4 Specifications for Sized Chemical Sample Method

At present the needs regarding size fractionated material for chemical
analysis fall almost entirely in the area of basic research, and more
especially in the area of research on primary emissions of toxic materials and
priority pollutants. Interests in toxics include metals (e.g. chromium,
beryllium, and cadmium), PAH's, and dioxins and furans. 1In the case of the



metals, concentrations within specific valence states are sometimes of greater
importance than just the total concentrations (e.g. chromium). Aside from
toxics, materials which can serve as catalysts for chemical transformations and
in the formation of secondary aerosols are of interest.

Discussions of sampling for chemical analysis will be broken into two
parts. The first, to be covered here, is comprised of sampling for materials
that are in solid or liquid form at stack conditions. However, many toxics -
both metals (e.g. arsenic, selenium, and mercury) and organics - are materials
which can have substantial vapor phase concentrations at flue gas conditions.
Treatment of sampling for analysis of condensables will be deferred to a
following section devoted exclusively to the subject of condensables.

The number of size fractions needed to meet the goals of the various
potential users of this methodology is somewhat less than that needed for the
particle size distributions. The need to collect sufficient material in each
selected fraction to satisfy the analytical needs makes it desirable minimize
the number of fractions and thus maximize the amount of material in each frac-
tion. ObviqQus cut points for analysis are the fine (2.5 ym) and PMlO (10 ym)
fractions for health effects research. 1Isolation of a frequently occurring
submicron combustion mode is desirable, indicating the need for a cut near 0.25
um; and those in the ARB interested in studies of catalysts have indicated a
desire for a cut at 1 pym. A sharpness of cut specification of 1.7 or less for
the geometric standard deviation in the efficiency curve should be suitable
here.

The sample must be c¢ollected in an unadulterated, contaminant free form if
valid analyses are to be cbtained. Discussions with personnel at analytical
laboratories who have provided analyses of particulate matter for the ARB in
the past revealed that sample quantities substantially larger than a few
milligrams are needed for many, if not most, of the analyses which they have
been called upon to perform. Therefore the method must be capable of providing
sample quantities in the tens or hundreds of milligrams for the individual size
fractions.

2.2.5 Specifications for Condensables Method

The term condensables as used here includes all materials which are wholly
or partially in the vapor phase at stack conditions but will be driven to be
attached to particles by thermodynamic processes upon discharge to the
atmosphere. Thus any material which becomes attached to the particulate matter
by condensation, sublimation, prompt reaction, or sorption is considered part
of the condensables.

The transfer of material to and from the vapor and solid/liquid phases is

a complex dynamic process for which the rates and equilibria depend on the
concentrations, temperatures, and mixing rates of the stack gases and the
ambient air. Rigorous duplication of the actual plume conditions, even at a
single defined set of atmospheric conditions, including matching of mixing
rates, mixing ratios, etc. becomes a practical impossibility. Therefore the
development of a usable method for sampling condensables will require that a
number of compromises be made in order to obtain a workable approximation of
plume conditions.



The simplest method for sampling condensables is that used in the
California Method 5, in which the condensables are defined as the material
collected in bulk in chilled liquid filled impingers. This choice serves a
useful regulatory purpose in that the Method 5 "back half" is not likely to
underestimate the total condensable emissions. However, this method cannot
provide information regarding the ultimate distribution of the collected
materials with respect to particle size, nor can it provide accurate data on
material which would attach to the particles by sorption as most of the conden-
sation takes place on surfaces other than those of the particles. Further, by
placing the collected material in liquid solution or suspension, it becomes
possible for reactions to occur which might not take place if the materials had
condensed or sorbed on the surfaces of particles in the atmosphere, Therefore
impinger collection is not a useful technique for applications in which it is
important to determine the effects of condensable vapors on the size distribu-
tion of the final aerosol, or for applications in which it is necessary to
apportion the condensable contribution to specific size classes. For these
applications, we recommend that sampling methods utilize a form of air dilution
which simulates the mixing processes that take pPlace in the plume. Suggested
specifications for a condensable materials sampling method are:

1. Dilution of a flue gas sample stream with conditioned ambient air be
used to simulate the plume processes.

2. A standard dilution condition be used for all sources (e.g. 25:1
dilution ratio, with filtered dilution air at 25° C and 40% RH).

3. The sampling system be capable of being interfaced with currently used
ambient air particle sizing and collection devices.

2.3 Final Recommendations for the Number and Types of Methodologies to be
Developed

In summary, a total of four sampling methodologies appear to be needed.
The first method would be intended to support PM regulatory work and would
provide size fractionation at only 10 pm with the method being generally
consistent with current total particulate methods. The second methodology
would cover the entire size spectrum but provide detailed information only
within the range from about 0.2 ym to 10 pm. That range being the most
critical for health effects studies, control device selection and evaluation,
and opacity/visibility related work. The third method would be intended to
provide fairly large samples, with less size resolution, for chemical analysis.
And finally, the fourth method would provide a means of quantifying the contri-
butions of condensibles in as realistic a fashion as circumstances permit short
of calling for actual sampling in plumes.

After these recommendations were submitted, a project review meeting was
held at the ARB offices in Sacramento. The result of this meeting was a
concensus that the first three methodologies described above should be pursued
further. However, development of a condensibles method would be deferred and
such a method would not be developed on this contract.



2.4 Review of Particle Sizing Methods and Equipment

Task 2 of the project called for a literature survey of potentially
relevant sizing methods and associated commercial instrumentation using the
respective methods. This survey was conducted independently of the
establishment of the performance criteria in order to compile a comprehensive
list of all possible approaches to the source measurement problem. A summary
of the information gathered in the literature survey is given in the Appendix.
In Section 2.5, the criteria are applied to the results of the literature
survey and used to select recommended test methods and instrumentation for
each of the three specified ARB Methods: (1) Source PM1 Method, (2) Size
Distribution Method, and (3) Sized Chemical Sample Methog.

The instrumentation listed in the Appendix includes equipment which was
not designed for in-situ operation but which may be used either for off-line
analysis or in conjunction with a sample extraction/dilution system. The
tables incorporate an "Instrument Use Code" which identifies the environment in
which a particular item of equipment is to be used. 1In many cases, the
measurement principle used by an instrument may be adaptable to more than one
environment but in practice we usually find that any given device has been
designed to function in only one environment. In some cases, other devices may
be available which implement this sizing method in other environments. A
general review of the techniques used for particle sizing is given in the
fellowing paragraphs.

2,4.1 In-situ Systems

A desirable attribute for any candidate sizing technique is that the size
determination be performed in the flue at actual conditions of temperature,
pressure, moisture, and gas composition, thus avoiding potential alteration of
the aerosol prior to measurement. Four different sizing techniques have been
adapted to this in-situ environment: two inertial techniques (cascade
impactors and series cyclones) and two optical techniques (single particle
scattering by aerosol particles and Fraunhofer diffraction).

The cascade impactor is the most widely used in-situ sizing method and is
the method recommended for use as the ARB Size Distribution Method. Cascade
impactors in their current commercial form are labor intensive devices which
yield data representing time averages for the sample period (a few hours for
low concentrations). The device works by pulling flue gas into the sampler at
a constant flow rate and then subjecting this sample gas stream to an abrupt
change of direction. An impaction surface, or substrate, is located such that
the inertia of any given particle determines whether it will follow the gas
stream or impact on the surface. The gas stream cascades through several such
stages, each one being more abrupt than the previous, thus larger particles
impact in the upper stages and smaller particles impact in the lower stages. A
filter located behind the last impaction surface removes any remaining
particulate matter. Analysis involves determining the sizing properties of the
various stages and the weight gains for their respective substrates. This
weight gain is determined by weighing the substrates before and after the run,
thus the amount of gas sampled (sample volume) must be sufficient to obtain
measurable weight changes for all the substrates. The data thus obtained
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represents the average size distribution for the sampling period. Various
impactors have been designed for ambient measurements which utilize automated
techniques for determining the substrate weight changes but these instruments
have not been adapted to the in-situ environment, consequently application of
the automated devices for industrial sources requires the use of sample
extration and conditioning systems so that the aerosols presented to the
device(s) are essentially at ambient conditions. The performance of an
automated system then becomes limited by the losses associated with the sample
extraction and conditioning systems.

Optical devices provide real time sizing information but the sizing
information obtained is in terms of light scattering equivalent diameter rather
than aerodynamic diameter. The relationship between these two diameters is
site specific. Correlation involves concurrently running impactors and the
optical device at the same test site. Optical devices are desirable if real
time analysis is required or if monitoring is to be performed over an extended
period of time at the same location but is not normally used as a substitute
for impactor runs. Detailed explanations of these sizing methods have been
given by Pyle and Smith, 1984 (EPRI CS-3388 January 1984, Fine Particle
Measurement Handbook) and Barth, 1984 (Modern Methods of Particle Size
Analysis).

Series cyclones are also designed for an in-situ environment. Their
operation is similar to that of an impactor in that the inertia of the
individual particle is used to separate it from the sample gas stream but this
separation is caused by cyclonic action rather than impaction. Consequently
light weight substrates are not used and heavier stage weights must be
collected to obtain weighable quantities. Cyclones have the distinct advantage
that they can collect large gquantities of samples (up to several grams) in each
cyclone in the set without overloading. For this reason, we have recommended
series cyclones as the preferred instrumentation for the ARB Sized Chemical
Sample Method. Series cyclones are also been recommended as an alternate
methodology for the ARB Size Distribution Method when high concentrations
prevent the use of cascade impactors.

2.4.2 Extractive Systems

Only one commercial sizing instrument has been specifically designed for
sampling Flue Gas using a non-diluting extraction system. This instrument is
the Source Assessment Sampling System (SASS Train). This device effectively
provides three size cuts, greater than 3 pym, 3 pm to 1 um, and smaller than 1
um. The device incorporates another cyclone which has a cut of 10 um but the
effects of the nozzle and probe make the meaning of its catch problematical.

The other major approach to characterizing a flue gas size distribution is
to use a special dilution system which extracts a measured sample gas stream
from the flue, usually at a low flowrate, and dilutes it with a higher flow of
clean, conditioned ambient air. The ratio of the flows can be adjusted so that
the particulate concentration, temperature, and moisture content are acceptable
to instrumentation designed for monitoring ambient aerosols. Such an
extraction system itself introduces significant particulate losses for
particles larger than about 2 ym but line losses for the smaller particles are



generally acceptable. Within these limitations a large number of sampling
methods become usable for source assessment. Most of the instrumentation
designed for ambient aerosol particle sizing and clean room monitoring may be
used with such a dilution system. Methods which can be used for source
sampling when applied in conjunction with an extraction and dilution or
conditioning system are described in the tollowing paragraphs.

In the Rerodynamic Transport (AT) sizing method airborne particles moving
at a constant velocity are introduced into an air stream moving at a higher
constant velocity. The particles in the sample stream are thus accelerated.
This rate of acceleration is size dependent and is measured with laser
velocimetry instrumentation. 1In this manner, real time aerodynamic sizing
information can be obtained over the range of 0.5 ym to 15 uym. Line losses in
the extraction/dilution system limit the upper size to about 2 um for flue gas
applications but real time aerodynamic sizing information can be obtained for
the 0.5 to 2 um range. Unfortunately, the technique does not provide
cumulative information for particles smaller than 0.5 pm and the concentration
information is on a number basis rather than a mass basis. The resolution of
the device does, however, permit fairly good conversion from number
concentration to mass concentration.

Similar information can be obtained from cascade impactors equipped with
automated mass detectors (Quartz Crystal Microbalance). These devices provide
real time aerodynamic concentration information on a direct mass basis.
Although these automated impactors will not, at present, tolerate in-situ
temperatures, these impactors may be used, within the limitations of a sample
extraction dilution system, to obtain real time measurements of size
distributions.

Submicron particle concentrations can be measured with a condensation
nuclei counter (CNC). A CNC does not provide sizing information in and of
itself but may be used in conjunction with diffusion batteries to obtain sizing
information on a number basis for very small particles. The CNC works by
exposing particles to a supersaturated vapor. The particles serve as nuclei
for condensation and thus produce large liquid droplets., In this manner the
size of the particle is increased, making photometric detection possible. The
final droplet size is a function of the supersaturation and is independent of
the original particle size. Thus the device provides a direct measure of total
concentration, independent of particle size.

A Diffusion Battery (DB) is an assembly of suitable gas passages (narrow
channels, fine tubing, or screens) that serves as a size-dependent particle
collector. Brownian motion serves as the removal mechanism for the diffusion
battery. As the aerosol moves in stream line flow through the channels of the
diffusion battery, the random motion of the particles cause them to diffuse to
the walls. The rate of this diffusion is predictable and may be calculated as
a function of particle size, diffusion battery geometry, and flow rate. When
used with a particle concentration detector such as a Condensation Nuclei
Counter the combination of instruments may be used to measure particle size
distributions over the size range 0.01 um to .3 pym.



Another means for submicron particulate measurement utilizes electrical
mobility of charged aerosol particles. The Electrical Mobility Sizing
Technique determines size by a three step process. First, an electrical charge
is placed on the particles by exposing the flow stream to a unipolar ion cloud
in which ions are attached to the particles. The amount of charge placed on
any given particle is size dependent. The particles then pass into a laminar
flow precipitator where they are subjected to an electric field of known
strength. For a given flow rate, the electrical mobility of a particle and the
strength of the applied electric field determine the ability of the particle to
traverse the collection region without being captured. A detection device
located at the exit of the collection region measures the number concentration
of the particles which were not removed by the precipitator. For a given field
strength in the collection region, all particles smaller than a specified size
will be collected. By increasing this field strength in a series of steps,
progressively larger and larger particles may be captured. The change in
measured concentration for two different collection voltages is a direct
measure of the number of particles in a size range.

Numerous optical techniques have been developed for detecting and sizing
particles by means of their light scattering properties. Instruments have been
designed which measure the light scattered from single particles at a variety
of scattering angles. 1In these instruments, the intensity of light scattered
by a single particle as measured by a photodetector, is related to the size of
the particle. Concentration and size distribution information is then obtained
by counting the number of particles which produce scattering intensities within
preselected ranges. A multichannel analyzer is commonly used to perform this
pulse heighth (intensity) analysis. Other optical devices make use of the
gross scattering properties of an ensemble of particles using such techniques
as Fraunhofer Diffraction pattern analysis (time-averaged light scattering) and
Photon Correlation Spectroscopy (time-dependent light scattering). 1In general,
the single particle counters were designed as clean room monitors and are
intended for use with aerosols where concentrations are low. The other
techniques involving multiple particle scattering were primarily developed for
the powder technology industry where it is practical to suspend a powder in a
non-soluble liquid and determine its size distribution.

2.4,3 Off-line Systems (Laboratory Only)

Much of the particle sizing instrumentation that is commercially available
has been designed for the powder and pharmaceutical industry where particles
are handled as bulk powders rather than as aerosols. Consequently, much of the
instrumentation requires the particulate to be suspended in a non-soluble
liquid or to be redispersed from a bulk powder form to an aerosol form.

These sizing techniques are not suitable to in-situ or extractive sampling.
Some of these sizing methods have been discussed earlier, namely the optical
techniques for gross scattering, Fraunhofer Diffraction and Photon Correlation
Spectroscopy.

Perhaps the most common laboratory sizing technique is the use of sieves.
This technique is limited to relatively large particles and is mentioned here
only for completeness. Particles in the sieve size regime are too large to
remain suspended in an aerosol for any significant length of time and are
efficiently removed by the most simple of pollution control equipment.,



Microscopy is another laboratory sizing technique. Here sizing is
performed by making measurements on individual particles as seen by optical,
Scanning Electron, or Transmission Electron microscope. Making such
measurements by manual techniques can be very laborious. Fortunately, image
analysis instrumentation has permitted automatiom of this task. The cost of an
electron microscope and associated image analysis system is very expensive,
consequently, such measurements are commonly obtained as a testing lab service
rather than by user-owned equipment. Computer Controlled Scanning Electron
Microscopy (CCSEM) equipment adds morphological classification and elemental
composition (x-ray analysis) to the image analysis capability of electron
microscopy. The range of sizes which can be covered by a given microscopy
technique is limited on one or both extremes, the results are on a number basis
rather than mass, and the diameters are not on an aerodynamic basis. As with
any laboratory technique, the main question relating to the characterization of
an aerosol is "how well does the size distribution of this redispersed aerosol
(or suspension) represent that of the original aerosol?"

Centrifugal Separation has been used as the particle sizing method in a
number of devices. One such is the Bahco Particle Classifier. In this
technique the system spins mechanically and the particles, in bulk powder form,
are redispersed by being introduced along the axis of the spinning system
together with a stream of air. By changing the flow rate of this stream of air
one can control the diameter cut off of particles that are forced to the
cylindrical wall of the instrument. The sample retained in the center of the
device is then removed and weighed. The weight difference between runs at
different flow rates is a measure of the particles in a given size range.
Successive runs are made at progressively higher flow rates removing
progressively larger and larger particles. The Bahco Technique of centrifugal
separation has been selected by the American Society of Mechanical Engineers in
their Power Test Codes for Determining the Properties of Fine Particulate
Matter. (ASME PTC 28, 1954). Consequently, a very large data base is
avallable on Bahco measurements of samples from a large variety of industrial
sources.

Resistivity pulse, more commonly known as the Coulter Counter Principle,
is another widely used laboratory technique. 1In this technique the particles
are suspended in a suitable liquid electrolyte. The dilute suspension is
passed through a fine aperture in which an electric current has been
established. If the electrical conductivity of the particles is different from
that of the electrolyte, a change in measured current is registered as a
particle passes through the aperture. The magnitude of the change is related
to the volume of the individual particle. Pulse heighth analysis is performed
on these signals and volume distribution information is obtained. A size
distribution is then calculated by assuming the particles to be homogeneous
spheres and using a measured or assumed density for the particles.

Sedimentation rates in gases or liquids are also used for particle size
analysis. Automated sedimentation analysis is performed by several
instruments. Some use x-ray attenuation to determine the sedimentation rate,



others use various optical techniques. To push this technique to lower sizes,
the sedimentation has been augmented by centrifugal techniques.

A host of optical techniques have been applied to particles in liquid
suspensions. These techniques include single particle scattering at a variety
of different scattering angles, (some using white light, others using lasers),
light blockage, and gross particle scattering such as Fraunhofer Diffraction
and Photon Correlation -Spectroscopy.

2.5 Equipment Selection for CARB Particle Sizing Methods

Items of commercially available equipment which satisfied most or all of
the performance criteria discussed earlier were identified among all those
found in the literature review. These were then evaluated against the
performance criteria by the scoring system provided in the Table 2-1. The
rankings which resulted were used to make equipment recommendations for each of
the four different test methods to be used by CARB: (1) Stationary Source PM1
Method, (2) Size Distribution Method, (3) Sized Chemical Sample Method, and (4%
Plume Condensibles Method. The final recommendations are summarized in Table
2-2,

2,5.1 General

The key information needed for evaluating the available particle sizing
devices is contained in Table A-4 of the Appendix. In general, all of the
instruments reviewed can be classified as either ON LINE or OFF LINE, where off
line means that the original aerosol has been collected as a bulk sample and
must be redispersed in order to perform the desired analysis. The performance
criteria preclude the use of redispersion techniques. This restriction
eliminated many of the devices and/or methods.

The criterion of sizing on the basis of Aerodynamic and/or Stokes diame-
ters excludes the use of optical devices since data from these can only
indirectly be correlated to an Aerodynamic or Stokes diameter. After the
application of this criterion, only six instrument types remain. These
actually represent only four classes of instruments: Aerodynamic Transport,
Cyclones, Diffusion Batteries, and Cascade Impactors. Of these four, only
Cascade Impactors and Cyclone Systems are capable of in-situ operation.

Aerodynamic Transport and Diffusion Battery devices would both require
sample dilution and conditioning before they can be applied to flue gas
measurements. Thus they require the support of a Sample Extraction and
Dilution Systems (SEDS). The only SEDS available are prototypes which require
about 40 amps of power and weigh in excess of 200 1bs. Traversing capabilities
are limited and internal particle losses are very high for particles larger
than about 2.0 um. The requirements for providing submicron particulate mass
concentrations and a measure of total particulate loading preclude these cate-
gories because these devices directly measure number concentrations and use
this information together with some assumptions to calculate mass. The upper
size cut off of 0.3 uym for diffusion batteries precludes any measurement of
total particulate loading and the Aerodynamic Transport device does not detect



Table 2-1. Summary of Performance Criteria for Particulate Sizing Methods*

I. General Specifications (Listed below are the percentages to be applied
toward the point value indicated in the appropriate method)

E A. Diameter Bases: Aerodynamic or Stokes

B. Data Output

E 1. Measure of total particulate loading

E 2. Measure of cumulative mass smaller than specified size
5% 3. Actual cuts within 10% of specified size

5% 4. 95% confidence limits

C. Sampling Environment
35% 1. Concentration limits: 0.005 to 50 gr/ft3 (0.011 to 110 gm/m3)
Note: Separate instruments may be designated as either low
concentration samplers or high concentration samplers.

E 2. Stack pressure: -5 to +20 inches water gauge pressure
10% 3. Stack temperature: 32 to 840°F (0 to 450°C)
20% 4. Stack velocity: 10 to 100 ft/sec (3 to 30 m/sec)
D. Hardware Features
10% 1. Component weight limit: 50 1lb (23 kg)
5% 2. Corrosion resistance: acids and alkalies
E 3. Port requirement: 4 inch (10 cm)
E 4. Traversing capability
5% 5. Electrical power: no more than 1650 watts (15 amp, 110 vac)
5% 6. Length restriction (probe excluded): six feet (2 meter)

II. Source PMlo Method (100)

A. Aerodynamic Diameter Basis E
B. Operator Skill Level: same as CARB Method 5 20
C. Cut at 10 um: 50% collection efficiency at 10 um aerodynamic E
D. Sharpness of Cut: cg < 1.7 E
E. Deviation from CARBkMethod 5: Only as necessary to obtain 20

the 10 um size cutoff
F. All of the General Specifications Except as Specified Above 40
G. Potential Interest in a Second Cut at 2.5 um 20

*This table is provided only as a convenient summary of the criteria given in
the Performance Criteria document and is not intended to expand upon or reduce
the requirements stated in that document. The point values shown are to be
used in the evaluation of candidate instruments for a given method. The symbol
E designates a criteria which is essential. If an "E® criteria is not
satisfied by a candidate instrument, the instrument is rejected from

consideration.
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I11.

IV.

VI.

Table 2-1. (Continued) (Page 2 of 2)

Size Distribution Method (100)

A'

c-

Size Range

1. Cumulative mass < 0.2 um

2. Range of  interest: 0.2 um > 10 um

3. Size resolution: 5 to 8 cuts within 0.2+10 pm range,
evenly spaced logD (constant ratio), maximum ratio 2.15,

E
30
30

minimum ratio 1.63 (delta logD of 0.333 and 0.28, respectively)

4, Sharpness of cut: o < 1.5
5. Calibrations identified as to configuration: grease,
glass fiber, quartz fiber, bare metal, etc.

Measure of Total Particulate Ioading (ie, includes the "+ 10 um"
fraction)

All the General Specifications Except as Specified Above

Sized Chemical Sample Method (100)

AG

D.

E.

Size Fractions, Aerodynamic Diameter
1« d< .25 um

2. .25 - 1 um

3. 1 - 2.5 um

4. 2.5 - 10 um

5. >10 um

Sharpness of Cut: og = 1,7
Bulk Sample Quantities: 10-100 mg for each size fraction

Sample Contamination: Unaltered, contamination free samples

All the General Specifications Except as Specified Above

Total Condensibles Method: Total condensibles information is

currently being obtained by CARB Method 5 "Backhalf".

could either continue to be used separately to obtain the total
condensibles data or, it could be used as a "Backhalf" to any of
the three methods listed above, provided the sampled gas volume is
sufficiently large to collect the desired amount of condensibles.

Plume Condensibles Method (not Total Condensibles) (100)

A.

D.

Standard Dilution Ratio, Dilution Air Temperature and
Relative Humidity: 25:1, 25°C, 40% RH

Dilution Air Source: Conditioned Ambient Air

Instrumentation Interfacing: Ambient Air Particle Sizing
Devices

All the General Specifications Except as Specified Above
2-15
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Table 2-2. Equipment Selection Summary
Advantages and Disadvantages

Stationary Source PM, ,_Method:

Recommended: Cyclones:
Advantages: Sharp 10 um cut, no bounce or overload problems
Disadvantages: Flow limitations imposed by 10 um cut, high temperature
per formance theory not well established

Option: Impactors:
Advantages: 10 um data with minimal flow limitations, theory well
established
Disadvantages: Particle bounce, overloading, operator skill level

Size Distribution Method:

Recommended: Impactors:
Advantages: Good size resolution, light stage loadings
Disadvantages: Operator skill level, manhour intensive, overloading

Option: Cyclones:
Advantages: No overloading at high concentrations, simultaneous bulk
chemical sample
Disadvantages: Limited size resolution, require large catches, manhour
intensive, high temperature performance not well
estabilished.

Sized Chemical Sample Method:

Recommended: Cyclones:
Advantages: Large bulk sample, contamination free
Disadvantages: Manhour intensive

Option: Impactors:
Advantages: Simultaneous size distribution data
Disadvantages: Light samples only, substrate contamination, operator
skill level, particle bounce, manhour intensive

Plume Condensibles Method (with sizing capability):

Recommended: Plume Simulator:
Advantages: Reasonable estimate at minimal cost, uses ambient
instrumentation
Disadvantages: Operator skill, prototype equipment only

Option: Require Plume Sampling:
Advantages: Accurate condensibles assessment
Disadvantages: High cost (airplanes, etc.), limited time in the plume,
weather dependency
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particles below a 0.5 um threshold and thus cannot provide a measure of mass
concentration for particles smaller than this threshold. Thus only cyclones
and impactors remain as potentially useable methods or devices.

2.5.2 Source PM10 Method

Hardware

Since the criteria specify a cut at 10 pm it is not permissible to extract
10 um information from size distribution information obtained by cascade
impactors. Cascade impactors also fail to meet the operator skill level
criterion. If a single stage impactor were used one would still have problems
of overloading. Cyclones are commercially available which can give a D5 of 10
um with a 0,<1.5, are simple to operate, and can be followed by a second
cyclone to provide an additional cut near 2.5 um, if needed. Right Angle
Impactor Precollectors could potentially be operated at a flow rate that would
give a 10 pum D50 and not have serious overloading problems, but would be more
subject to the effects of particle bounce than cyclones. Cyclones also have
the advantage of permitting very large sample catches before overloading. Thus
cyclones are the only instruments that satisfy the performance criteria for a
single stage PM, 4 Compliance Method.

The Acurex SASS Cyclone System is an extractive system and as such will
lose many of the sub 10 um particles in the sampling lines before they get to
the cyclone set. The Gilson device is a liquid suspension system and as such
is not acceptable. SoRI developed a Five-Series Cyclone set described in
EPA-600/7-78-008 "Development and Laboratory Evaluation of a Five-Stage Cyclone
System", January 1978 for the USEPA. Flow Sensor and Sierra (now divisions of
the Andersen Group) once independently marketed cyclones of this design.
Andersen has recently dropped the Sierra version and now produces only the Flow
Sensor version. The InTox cyclone set is also a version of EPA/SoRI
Five-Series Cyclone Set. The internal dimensions of all three (Flow Sensor,
Sierra, and InTox) are the same as those of the EPA set so that the performance
characteristics of all are expected to be those cited in the EPA report.
Cyclone 1 of the EPA set will have a D 0 of 10 um at typical stack temperatures
for flow rates of around 0.5 acfm. Thus, EPA Cyclone 1 followed by a Filter
(63 or 47mm) would meet the criteria for the Stationary Source PM Method. At
these same conditions Cyclone 4 of the EPA set will have a D close to 2.0um.
If desired, EPA Cyclone 4 could be placed between Cyclone 1 and the Filter to
gain 2 um (fine particle) information. Although the individual cyclones are
not listed by separate model numbers, Andersen and In Tox do sell these
cyclones separately. For operation as a PM10 analog of Method 17 the
cyclone(s) would be followed by instack filter holders. Suitable filter
Holders are available from many vendors. (At high temperatures metal O-rings
and quartz filters would be needed.) A Method 5 type sampling train could be
used to control the sampling flow rate through the cyclone system.
Alternatively, the cyclone(s) could be placed on the entrance to a Method 5
probe and be operated with an out-of-stack heated filter as a PM analog of

10
Method 5.



Isokinetic Sampling

At this point it is appropriate to mention a secondary sampling problem
that is associated with any aerodynamic sizing device when sampling is
performed at more than one point in the duct. The problem consists of
isokinetic sampling difficulties associated with multi-point traversing using
size specific particulate samplers. An incompatability stems from the flow
rate dependency of the sizing cut (DSO)' In order to sample isokinetically at
multiple points one must change the sampling device flow rate so that the inlet
velocity through the nozzle matches the stack gas velocity at each point. For
total particulate emission determinations by Method 5 and Method 17, this
requirement of different flow rates at different traverse points does not cause
a problem because sizing information is not desired. But when sizing
information is to be obtained with an inertial separator, changing the flow
rate changes the size separation characteristics during the course of the run.
With equipment that is commercially available at present, one has three
options: (1) maintain a constant flow rate at each traverse point and accept
anisokinetic sampling errors, (2) sample isokinetically and accept smeared cuts
in the sizing device, or (3) make multiple single point runs.

One approach to solving the problem is to use a modified traversing
protocol (called SIM5 for Simulated Method 5) based on the ideas of constant
sample flow rate, multiple nozzles, partial traverses and a maximum permissible
isokinetic error. The flow rate needed to obtain the 10 um cut is determined.
The sample plane is then divided into a number of regions which are selected
such that the isokinetic sampling errors at any point within them fall within
preselected limits. Different nozzles are then used in sampling these regions
so that the same sampler flow rate is maintained throughout all the regions.
Proper weighting of the emissions from the various zones is achieved by varying
the sampling periods used in each. This protocol is adaptable to permit a
complete isokinetic traverse to be synthesized when using any fixed flow rate
sampling equipment, but can be cumbersome to implement.

A second approach is being pursued currently by the US EPA. 1In this
approach, filtered exhaust gas from the sampler (recycle flow) is added to the
sample flow by means of a special mixing nozzle so that the total flow to the
sizing device (sample gas flow plus filtered recycle gas flow) is a constant.
When a new point is sampled the sample gas flow is set for isokinetic sampling
and the filtered recycle gas flow is adjusted so that the sum of the two flows
(Total Flow) is held constant. To date this technique has been developed in
prototype form only but was the one which was finally selected to propose for
use by ARB.

2.5.3 Size Distribution Method

Cascade Impactors are the recommended instruments for the Size
Distribution Method. Series Cyclones are an optional alternative. Several of
the impactors listed in the Appendix are intended for use in ambient air, hence
they should be eliminated from the list as unrealistic for source measurements.
Since the criteria establish 0.2 um to 10 um as the size range of interest, the
two low pressure impactors (Pollution Control Mark 10 and Mark 20B) may be
undesirable because of their added expense and complexity. It is recognized
that in research situations where submicron particles are of interest these
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instruments could be of great value. The Sierra Model 2210 uses only two low
pressure stages but operates at 0.1 scfm making sampling times at low
concentration sources much longer than that are needed using 0.5 scfm samplers,
thus it too is not considered further for general use. Two high grain loading
impactors (Andersen HCSS and Pollution Control Mark 8) are listed. These are
specially designed for very high concentration situations. They are not
readily adaptable to outlet loading situations and, with only four size frac-
tions, do not meet the size resolution criteria. The Zoltec Brink Model C is
also specially designed for high loading (inlet) situations, having a very low
flow rate. The run time required to collect weighable samples from a clean
outlet would be unacceptable with it.

This leaves nine impactors as possible choices: APT, Andersen Mark III,
Flow Sensor Mark 3 and Mark 4, Belfort 1502 (MRI), Pollution Control
(University of Washington) Mark 3 and Mark 5, and Sierra Models 226 and 228.
The Air Pollution Technology (APT) High Temperature High Pressure (HTHP)
Impactor was specifically designed for use in sampling a HTHP Fluidized Bed
Combustor and is more expensive than the others and offers few advantages other
than the ability to be operated at high temperatures and pressures. With the
exception of this HTHP impactor the other impactors were designed for lower
temperatures where Viton O-rings could be used (<450°F). However, in most
cases metal seals can be used, thereby extending the temperature range to the
specified 840°F limit. The two Sierra Impactors (Model 226 and 228), the
Andersen, and the two Flow Sensors (Mark 3 and Mark 5) have the disadvantage
that adhesives or greases cannot be easily used on the collection substrates to
prevent bounce problems. Only the Belfort (MRI), Pollution Control (Pilat),
and Brink impactors are designed to be easily used with greases or adhesives.
The Flow Sensor Mark 3 differs from the Mark 4 only in having a built-in
straight line type preseparator. It is intended to be used with goose neck
nozzles. Goose neck nozzles can have very high particle losses down to sizes
of 5 ym or smaller and should be avoided. The preferred method of turning the
sample stream at the sampler inlet is to use a right angle precollector. Such
a precollector can be used as a front end to almost any impactor. The Sierra
Model 228 is a Model 226 with additional stages and the Pollution Control Mark
5 is of the same design as the Mark 3 but with more stages. Consequently, we
shall only consider one of each pair. We thus have only five impactors left to
consider: Andersen Mark III, Sierra Model 228, Flow Sensor Mark 4, Belfort
1502 (MRI), and Pollution Control Mark 5. For convenience, the characteristics
of these impactors are summarized in Table 2-3., These possible candidates were
scored as shown in Table 2-4 to arrive at the final selections.

Of the six impactors in Table 2-4, the Pollution Control Mark 5 has the
advantage of offering 13 jet plates. These multiple plates allow the user to
configure the impactor for use in a low loading (clean outlet) situation where
a high flow rate is needed or for use in a high loading (inlet) situation where
a low flow rate is needed. With the aid of spacers, the operator can use from
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one to eleven stages at a time. A common practice is to use a Mark 3 shell and
pick the six or seven stages (from the 13) that give the desired cuts at a
suitable flow rate, This capability of custom picking the jet plates to be
used is a great asset. The bore of the inlet tube serves as the first jet.
This frequently has a D50 close to that of the precollector and tends to catch
any particles which should have been caught by, but have bounced past, the
precollector. This helps alleviate two of the major problems encountered in
the use of cascade impactors - particle bounce and overloading in the upper
stages. This impactor is also the only one of the five which can provide size
cuts smaller than 0O.3um. It is for these reasons that we recommend the
Pollution Control Mark 5 Cascade Impactor and right angle precollector as the
instrumentation to be used by CARB for the Size Distribution Method.

Note: The discussion in Section 2.5.2 on anisokinetic sampling problems also
applies to the Size Distribution Method.

2.5.4 Sized Chemical Sample Method

Cascade cyclones are preferred as the instrumentation for the Sized Chemi-
cal Sample Method. HCSS (High Concentration Source Sampling) Impactors may
serve as an alternative option. The impactors combine two impaction chambers,
a cyclone and a filter. Manufacturer's data for the Andersen HCSS impactors
show Dso‘s of 10.8(um, 5.8 ym, and 1.5 ym for 0.5 acfm at 70°F. The
Five-Series Cyclone set has cuts of 0.55, 1.3, 1.8, 3.6, and 7.2 um when
operated at 1.0 acfm at a temperature of 300°F, These come closer to the
specifications given in Section 2.2.4. By operating the sampler at higher flow
rates and adding another cyclone having a coarser cut, it is expected that cuts
near those in the specifications can be obtained. The series cyclone set was
originally designed for the purpose of collecting size segregated samples for
chemical analysis and clean, unaltered bulk samples in excess of 100mg are
readily obtainable with it. As discussed previously, two companies supply the
EPA/SoRI design Five-Series Cyclone; Andersen (Flow Sensor Division) and InTox.
Metal O-rings are available for high temperature operation. Summary
information on the cyclones is provided in Table 2-4.

2.5.5 Plume Condensibles Method

No commercial hardware exists which meets the performance criteria for
this method. Prototype equipment, however, does exist which meets the
criteria. This instrumentation was developed by SoRI under contract to EPA and
is described in Section 4, "The Stack Dilution Sampling System" (p. 159-170) of
EPA 600/7-82-036, May 1982, Sampling and Data Handling Methods for Inhalable
Particulate Sampling, Wallace B. Smith. The simulator can serve as a sample
extraction/dilution system for ambient particle sizing instrumentation such as
a filter for mass measurements, a commercial Hi-Vol impactor, and various other
instruments designed for Ambient Airborne Aerosols (TSI APS 33, OCM Impactors,
etc.). The Stack Dilution Sampling System (SDSS) incorporates an in situ
cyclone that operates with a Dgy of 2.5 um.



2.5.6 Five Year Costing

Table 2-5 shows five-year life cycle costs for the Size Distribution
Method using cascade impactors, Sized Chemical Sample Method using series
cyclones, and Stationary Source PM10 Method using the PM10 cyclone (Cyclone I
of the EPA/SoRI cyclone set). For comparison purposes costs developed on the
same basis are also shown for CARB Method 5. The equipment cost shown for the
sampler is an approximate cost, the true cost would depend on which make/model
is purchased. The assumptions used are shown in the table, and may need to be
adjusted if the labor rates, etc. used were not close to the true values. As
one can see, the major cost is in labor, consequently if a particular sampler
design is simple to operate, the resultant labor cost savings can be quite
substantial.
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SECTION 3

PROPOSED PARTICLE SIZE DISTRIBUTION MEASUREMENT METHOD

3.1 Introduction

Moderate to high resolution particle size distribution information is
needed for research applications and for control device selection and
permitting in that this information provides a basis for estimating expected
efficiencies of control devices. Experience has shown that for most
applications the critical range over which siz=z distribution data is needed is
from about 0.2 pm to 10 um, together with total concentrations for the ranges
smaller than 0.2 pym and larger than 10 pm. Sufficient resolution for nodeling
the effects of control devices, estimating overall control device efficiencies,
predicting stack opacities (for noncondensing stacks), and characterizing the
fractional collection efficiencies of operating control devices can be provided
by separating the aerosol particles into about six to eight size classes within
the 0.2 um to 10 pum size range. The range also includes "respirable" particles
and consequently is of special importance in health effects.

After reviewing all available methods for measuring particle size
distributions, the method of inertial separation using cascade inertial
impactors was selected as the preferred technique (standard method) for
measuring particle size distributions of effluents from stationary sources.
This method, of all those available, most nearly met all of the specifications
set forth above.

For years inertial impactors have been commonly used to determine the
particle size distribution of particulate matter suspended in industrial
process gases, especially those emitted to the atmosphere. Impactors have
several advantages over competing equipment: they are compact, they can be
inserted directly into gas ducts (avoiding the problems associated with
extractive sampling), they are fairly accurate, and they produce information
which has been widely used and understood. The majority of the particle-size
distribution data available on industrial process streams have been taken using
cascade impactors covering a diameter range of 0.3 to 20 um. These devices
consist of serial configurations of several impaction stages. Each stage of
the impactor removes particles over a limited range of diameters, starting with
the largest and progressing to smaller diameters. The popularity of these
devices is due not only to their simplicity of design and operation but also to
their portability and adaptability to a large variety of aerosol streams.

When used properly, cascade impactors are capable of providing particle
size distribution measurements extending from below 0.5 pm to diameters of 10
um and above.

3.2 Basic Principles of Cascade Impactor Performance

Figure 3-1 is a schematic diagram illustrating the principles of particle
collection common to all inertial impactors. The sample aerosol is constrained
to pass through a circular hole or rectangular slit to form a jet that is
directed toward an impaction surface. Large particles will possess sufficient
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inertia to cross the gas streamlines and impact on the collection surface.
Particles having lower momenta will follow the gas stream past the collection
plate. 1In a cascade impactor the gas stream passes sequentially through
several impaction stages designed to remove successively smaller particles,
thus collecting the airborne particulate matter in a series of discrete size
fractions.

The probability of collection in an impactor stage typically varies with
particle size as shown in Figure 3-2. Ideally, an impaction stage would
provide complete collection of all particles larger than a known size and pass
all smaller particles. 1In other words, the ideal collection efficiency curve
would be a step function. In practice, the real stage collection efficiency
curves such as the one schematically illustrated have sharp enough transitions
to be useful for aerosol size distribution measurements. The behavior of a
real stage in operation is then described in terms of a characteristic particle
diameter which is collected with 50 percent efficiency for the operating
conditions used. The latter diameter is called the D50 of the stage.

Impactors with a wide variety of geometrical configurations have been
observed to have the qualitative behavior described above. Impactor stages
have been constructed with one to several hundred holes or rectangular jets,
depending on the desired jet velocity and volumetric flow rate. The number of
jet stages ranges from one to about 20 for various impactor geometries reported
in the literature; most commercially available impactors use 5 to 10 stages.

3.2.1 Scaling Relationships

Parameters which determine the collection efficiency for a given stage
geometry are particle density, gas viscosity, gas velocity throughout the jet,
jet diameter for circular jets, or jet width and length for rectangular jets,
jet-to-plate spacing, and thickness of the jet orifice. Certain dimensionless
factors can be defined which allow scaling relationships in stage efficiency to
be predicted. Gas flow in the impactor jet can be scaled in the typical manner
by using Reynolds number (Re) of the gas referenced to the jet dimension as a
dimensionless gas velocity. For circular jets, the relation is

p . V.:D.
Re =-£_J_-L (3_1)
u

where

pg = gas density (g/cm3),

Vj = mean jet inlet velocity (cm/s),

Dj = jet diameter (cm),
and ¥ = gas viscosity (g/cm sec).



Other geometric parameters can likewise be referenced to the jet width. For
round jets, the important dimensionless ratios are relative Jet to plate
spacing (S./D.) and relative jet thickness (T./D.). Where D, T, and S are
dimensions” as” shown in Figure 3-1. These diméensionless ratios and the jet
Reynolds number are sufficient to define the gas flow field for a given
impactor geometry.

Similar scaling relationships can be developed for particle motion in the
impactor. Since particle motion relative to the gas stream is assumed to obey
Stokes' law, a dimensionless inertial parameter related to particle size can be
defined in terms relating to particle motion in a continuous viscous medium.
This inertial size parameter (the impaction parameter), y, is defined as

5 CppV0
=Dy
where
Dp = Stokes diameter of a spherical particle (cm),
Pp = particle density (g/cm3),
C = Cunningham slip correction factor (dimensionless),
defined by Equation 3-3,
Vo = initial particle velocity in the jet (cm/s).

The remaining quantities are as defined previously.

As defined above, § is the ratio of an inertial characteristic length (the
stopping distance of a particle injected with initial velocity Vo into still
air) to the diameter of the impactor jet. Alternately, ¥ is equal to the ratio
of an inertial characteristic time (the particle relaxation time in the £fluid)
to a transit time characteristic of the system (the ratic of the particle's
initial velocity to the jet diameter). Inspection of equation (3-2) reveals
that /i has the form of a dimensionless particle diameter. Alternate
dimensionless inertial constants can also be defined. Another such constant
frequently used is the Stokes number (STK), defined as the ratio of the
particle stopping distance of a particle injected with initial velocity V. into
still air to the radius or half-width of the jet, so that STK = 29. In t%is
document we will use STK in many of the discussions but will use y as defined
by equation (3-2) when reducing data.

The quantities in equation (3-2) which are dependent on the particle enter
as the product Cp D2, which only has meaning for spherical particles of known
density. Since impactors are also used to characterize particles which are not
spherical or are of unknown density, it is useful to define certain equivalent



diameters on the basis of aerodynamic behavior of the particles. The three
common equivalent diameters used in this text are the Stokes, classical
aerodynamic, and aerodynamic impaction diameters. The Stokes diameter of a
particle is defined as the diameter of a spherical particle having the same
density and the same aerodynamic characteristics (e.qg., terminal settling
velocity in air) as the particle in question.

In this document, the Stokes equivalent diameter is typically used unless
otherwise explicitly stated; in particular, D_ in equation (3-2) is the Stokes
diameter. The classical aerodynamic diameter of a particle is the physical
diameter of a particle with density of 1.0 g/cm3 which has the same aerodynamic
behavior as the particle in question. This equivalent diameter is useful when
the particle density is unknown or irrelevant. The aerodynamic impaction
diameter of a particle is defined as the quantity Dp/Cp , where D_ is the
Stokes diameter. This equivalent diameter (Mercer et ag., 1968), has the
useful feature that it incorporates the size-dependent correction C. It thus
eliminates iterative calculations otherwise required to determine particle

diameter from aerodynamic measurements.

The Cunningham factor, C, in equation (3-2) is an empirical correction for
the breakdown of the assumption that the fluid medium is a continuum. For
particle diameters on the order of the mean free path of molecules in the gas,
the net drag force seen by a moving particle is decreased by the ratio 1/C.
Within the Stokes model, this behavior can be visualized .as a gas medium which
is continuous, but which "slips" past the particle surface. This model is
reflected in the alternate name "slip correction factor”. The numerical value
of C is given (Fuchs, 1964) by equation (3-3),

c=1+8 [1.23 +0.41 exp (=0;44D)) (3-3)
where
%2 = mean free path of the gas medium (cm),
D = Stokes diameter of the particle (cm).

Other empirical equations with slightly different constants but having the same
form as (3-3) are also found in the literature. Under conditions where the
particle diameter is comparable to or smaller than the gas mean free path, the
Cunningham correction becomes large enough to be a controlling factor in the
aerodynamic behavior of the particle. These conditions are observed in
impactors designed to operate at reduced pressure. In these devices, the large
Cunningham factors due to the increased gas mean free path allow inertial
impaction of particles with diameters less than 0.05 um, extending the
potential range of size distribution measurements by over an order of
magnitude. While this effect is mentioned here for completeness, low pressure
impactors are beyond the scope of the proposed ARB method. For typical gas
conditions and particle diameters above 0.5 um, the Cunningham correction
factor provides a significant but relatively small (<35%) correction to the
effective aerodynamic diameter of the particle.
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3.2.2 Theory of Impactor Behavior

Although various attempts have been made to predict the behavior of
particles in an impactor stage, the most comprehensive theoretical treatment
was performed by Marple (Marple, 1970; Marple and Liu, 1974). Marple
numerically solved the two-dimensional Navier-Stokes equations for the laminar
flow of an incompressible viscous fluid within a single-jet impactor stage.
Having obtained the gas flow field for a given gas Reynolds number and stage
geometry (defined by Sj/Wj, Tj/w-, and the choice of round or rectangular
jets), numerical integtration of %he equations of motion of particles in the
flow field is possible. Marple generated theoretical impaction efficiency
curves by generating trajectories for particles of selected initial conditions
and different size (Marple chose to use the square root of the Stokes number,
YSTK, as his dimensionless inertial size parameter).

The variables of the Marple's model are jet throat T relative to the jet
diameter W (T/W), jet-to-plate-distance S relative to W (S/W), and Reynolds
number, Re. Marple (1970) investigated a range of geometries and Reynolds
numbers by varying each of the three parameters while leaving the other two
fixed at reference values. For round jet impactors, these reference values
were Re = 3000, Sj/W- = 1/2, and Tj/W- = 1. Marple's efficiency curves for
this range of parameters are shown” in Figure 3-3. BAs can be seen in the
figure, variation of S;/W. above about 1/2 and variation of T./W. above about
1/4 did not seem to aftect the efficiency curves for the reference Reynolds
number of 3000. As seen in Figure 3-4, the /STK5 value for the reference
geometry was not a strong function of Reynolds number in the range 100 - 1000.
Thus, Marple's calculations tended to reinforce the conclusion that a single
calibration constant »’STK50 (or sz ) could characterize an impactor stage over
a broad range of temperature and flow rate.

Recently, calculations using Marple's formalism have been repeated for
impactor geometries more typical of commercially available cascade impactors
(Farthing, 1983). Specifically, larger values of Sj/W- (up to 11) were used in
these calculations. Trajectories were calculated to o%tain stage collection
efficiencies. Typical curves are illustrated in Figures 3-5 and 3-6. It is
seen that at S/W = 1/2, changes in Re cause small changes in impactor behavior.
At larger values of S/W, changes in Re cause substantial changes in /STK as
well as minor changes in the slope of the curves (in log (VSTK_.). As shown in
Figure 3-7, /STK5 becomes a much stronger function of stage Reynolds number
for larger jet-to-plate spacings than at Marple's reference value of
Sj/D- = .5. In extreme limits of low Reynolds number and large S./D., STK50
may %e higher than the value predicted from Marple's early calculatidns by as
much as 200% to 300%.
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3.2,3 Effect of Gas Compressibility

The pressure drop across some impactor stages can be appreciable, several
inches of mercury in some cases. Even when individual stage pressure drops are
low, the cumulative drop through a complete impactor is usually too great to
ignore. The stage pressure drops lead to two problems. First, the volumetric
gas flow at succeeding stages increases as the pressure is reduced and this
increase must be accounted for in the calculation of jet velocities, etc.
Second, because the upstream and downstream pressure can be significantly
different the question arises as to what are the proper conditions to use in
calculating the jet velocity, slip correction factor, etc. for any one jet.
That is, should the jet inlet (upstream) or outlet (downstream) conditions be
used?

Accounting for the gas expansion to obtain the correct volumetric flow
rates at the inlet to each stage is a fairly simple matter. Individual
pressure taps for each stage could be used to measure the pressures but
implementing such a scheme would be quite cumbersome. Fortunately, stage
pressure drops can be estimated with sufficient accuracy using orifice or
nozzle flow equations providing that the Mach numbers are not too high. This
condition is normally met in source test cascade impactor operations.

Even though the jet inlet and outlet pressures can be estimated with
sufficient accuracy by standard flow equations, we are still left with the
question of whether to use upstream or downstream conditions in the
calculations of the parameters related to the stage D5 's. Flagan (1981)
modeled the behavior of impactor stages operating at high pressure drops in a
manner similar to that used by Marple (1970), but using the assumption of
inviscid, compressible flow rather than viscous, incompressible flow. 1In this
work, pressure drops including values substantially larger than those needed to
produce sonic jets were investigated. The results of the flow field
calculations indicated that the pressure in the jet impingement region is very
near the upstream stagnation pressure. Even at conditions under which the
downstream pressure was less than 20% of the upstream pressure the pressure in
the impingement region was greater than 75% of the upstream stagnation
pressure. Pressure recovery in the impingement region was found to be almost
complete for subsonic flows. Modeling of particle trajectories and stage
efficiencies showed that when the impaction parameter was defined in terms of
the upstream stagnation conditions, it was only weakly dependent on the
bressure ratio or jet Mach number and the value of the impaction parameter for
50% collection efficiency agreed with the results from the incompressible flow
model. This was not the case if downstream conditions were used.

3.2.4 Verification of Impactor Theory

Before the theoretical models of impactor behavior can be used in the
treatment of data they must be verified experimentally. Verification of the
models require laboratory calibrations of impactor stages whose designs span a
wide range of variation in each of the important parameters in the model.
Several such studies have been carried out by a number of researchers and the
more important results of these investigations are summarized in the following
paragraphs.



One of the most difficult tasks in the calibration of particle sizing
devices is the generation of suitable test aerosols. Primary calibration
standards should be uniform spheres of precisely known diameters and densities.
Detailed treatment of the generation of such particles is beyond the scope of
this document but brief descriptions of the two most common techniques will be
provided.

Polymerization of certain plastics in liquid suspensions can be controlled
to produce particles having a very narrow range of sizes. Under proper
conditions it is possible to form hydrosols (particles in liquid suspensions)
in which the standard deviation in particle diameter is on the order of one
percent. Hydrosols of this type are manufactured and marketed in a large
number of sizes from below one tenth of a micrometer to several micrometers by
the Seragen Diagnostics Division of Seragen, Inc. Aerosols (particles in
gaseous suspension) can be made from the hydrosols by nebulizing the liquid
suspensions. (Nebulization is commonly called "atomization".)

Another technique commonly used to generate uniform particles is based on
the manner in which a liquid jet breaks up into small droplets, The droplets
formed by the breakup of a liguid jet issuing from a small opening tend to be
fairly uniform in size as a result of wave phenomena in the jet. If an
oscillator and piezo-electric crystal are used to induce pressure perturbations
in the fluid at the jet at a frequency near that of the natural breakup wave,
the jet can be made to form very uniformly sized droplets. Such particle
generators are known as vibrating orifice aerosol generators. The geometric
standard deviation of the aerosols produced by these devices is typically about
1.04 (or 68% of the liquid is contained in droplets whose sizes are within four
percent of the median). The size of the droplets made in this fashion is set
by the properties of the liquid used, the size of the orifice used to produce
the jet, and the oscillator frequency. Typically the droplet diameters will be
about twice the orifice diameter. By dissolving a suitable solid or liquid
aerosol material in a volatile solvent, uniform particles of the solute can be
made over a broad continuum of sizes. This is accomplished by adjusting the
concentration of the solute in the solution, thus altering the size of the
residual particle after evaporation of the solvent from the initial droplet.

Impactor stage collection efficiencies are measured by establishing the
desired operating conditions (e.g., flow rate, temperature, etc.) and then
introducing the test particles. Online particle counters may be used to
directly measure particle concentrations upstream and downstream of the jet/
collection plate combination (impactor stage) from which collection
efficiencies may be calculated. Alternatively, the aerosol passed by the stage
may be collected by a filter after which the amounts collected and passed by
the stage can be measured gravimetrically or by other means such as solvent
washing of the surfaces followed by chemical or spectroscopic analyses of the
washes.
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Detailed studies of impactor stage efficiency curves and comparisons with
the predictions from theoretical models have been carried out by Mercer and
Stafford (1969), Rao (1975), Cushing et.al. (1976, 1979) and Farthing (1983).
Results of experiments by Mercer and Stafford are shown in Figures 3-8
together with Marple's theoretical curves. The results of similar experiments
by Rao are shown in Figures 3-9 and 3-10. The impactors used in each of these
sets of experiments were single jet, round hole impactors operating at
relatively small jet-to-plate separations and relatively high Reynolds numbers.
In these figures the uncertainties in the measured efficiencies are on the
order of seven percent and the uncertainties in the square roots of the
particle Stokes numbers are on the order of three percent. Measured stage
collection efficiencies for a rectangular slit type impaction jet operated at
an intermediate jet-to-plate spacing and high Reynolds number were reported by
Felix et.al. (1982). 1In all of the foregoing examples the measured and
theoretical curves were found to be very similar qualitatively and to differ by
only a few percent - typically two to three percent - in the value of the
square root of the Stokes number at 50% collection efficiency. Figures 3-11
through 3-13 show results obtained by Farthing for round jet impactors operated
at greater jet-to-plate spacings and lower Reynolds numbers than were tested by
Mercer and Stafford or Rao. Again, the results are in good agreement with the
theoretical predictions, both qualitatively and quantitatively, to Reynolds
numbers of about 50. At lower Reynolds numbers the theoretical model appears
to underpredict the measured values of Stokes numbers for 50% collection
efficiency.

Verification of the appropriateness of using upstream rather than
downstream conditions to define the impaction parameter was obtained by Flagan
(1982) using data from Hering et.al. (1978). Figure 3-14 illustrates the
behavior of the value of the impaction parameter for 50% collection efficiency
versus the stage pressure ratio as predicted from theory compared to measured
values obtained by Hering et.al. McCain and Ragland (1982) reached similar
conclusions in a calibration study of a low pressure impactor designed for
sizing submicron particles.

3.3 Non-Ideal Behavior and Interferences

Although the performance of actual impactor stages can be well described
and predicted by the theoretical model described in the last sections, certain
elements of the model are incomplete and some physical phenomena are not
treated. Among these missing elements are the effects of gravity,
electrostatics, particle charge, turbulence, and particle rebound. The
potential magnitude of errors arising from these items and, in some cases,
means of ameliorating them are discussed in the following paragraphs.
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Figure 3-10. Measured and theoretical impactor collection efficiency with oil coated
glass plate. S/W =0.94 and T/W = 1.0 (Rao, 1975).
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Figure 3-12. Measured and theoretical impactor collection efficiency. For theoretical
curves, SW = 11 and T/W = 2; for measured data S/W = 11 and T/W = 3
(Farthing, 1983).
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3.3.1 Particle Bounce

In the theoretical model of impactor performance, it is assumed that any
particle which contacts the collection surface will be retained by the surface.
However, as is commonly observed in sand-blasting operations, this assumption
is frequently invalid. 1In the case of impactors, beyond the qualitative
information that particles stick when striking a surface at low speeds and
bounce at high speeds, .little is known about the bouncing or sticking of
particles (Rao, 1975). 1If a particle strikes the collection surface and
bounces, it remains entrained in the gas stream and will be collected in a
subsequent part of the sampler, resulting in bias and error in the measured
size distribution.

For particles smaller than 10 um, it has been found that although Van der
Waals forces, electrostatic forces, and capillary forces in liquid bridges can
all play a role in particle adhesion, the dominant force is almost always the
Van der Waals force (Jordan, 1954; Lbvffler, 1968). Even for a 10 pm
particle possessing a relatively high charge of 1000 elementary units, the van
der Waals forces are about 100 times as great as the electrostatic forces when
the particle is in contact with a surface.

According to Dahneke (1971) particles will bounce if the incident
velocity, v_, is great enough that

P
26 1 Q2. 172
> (+—=—) (3-4)
Vp | n o2 ]

where

G = particle-surface interaction energy or the depth of the potential well
as seen by the incoming particle,

m

mass of the particle,

e coefficient of restitution.

The depth of the potential well for a sphere of diameter D
surface is

p adhering to a flat

AD
G ='—2'"" (3"5)
12 z,
where
A = Hamaker-Van der Waals constant, generally of the order of 10712 ergs
z, = distance between adhesion partners, typically 4 A (4x10”10m).

From Equations (3-4) and (3-5) we find that the critical velocity is inversely
proportional to the particle diameter.



It should be noted here, of course, that this theory applies only to
ideally smooth surfaces of adherents. 1In case of elastic flattening of the
sphere and/or indentation of the flat surface, the adhesion energy, G increases
substantially.

The magnitude of the potential problem introduced by particle bounce is
illustrated in Figures 3-15 and 3-16 which show calibration results obtained by
Rao (1975). The test particles used in generating these data were dry solids
(polystyrene latex beads). In each figure we find that the experimental curves
of collection efficiency versus vSTK fall very close to the theoretical curves
if the collection surface was coated with a material that could absorb the
impact energy and act as an adhesive to retain particles which struck it. On
the other hand, collection efficiencies using uncoated glass plates fell close
to those for the coated plates at the lower Stokes numbers (lower jet
velocities) but for values above some critical jet velocity (or Stokes number)
the curves broke away from those for the coated plates. For Stokes numbers
above the break collection efficiencies failed to reach even 50%.

Cheng and Yeh (1979) proposed a guideline for impactor operation intended
to eliminate particle bounce problems. Based on numerous experiments with a
number of types of dry "bouncy" particles they suggested that if the product of
the jet velocity and aerodynamic diameter of the particles impacting on each
stage were kept to values below about 5 um-m/s, the assumption that particles
adhere to the collecting surface on contact would be valid. 1In practice it is
impossible to adhere to this guideline without forcing operation at very low
Reynolds numbers by using very large numbers of quite small jets. As
previously discussed, impactor performance becomes less well predicted at very
low Reynolds numbers than is desirable; moreover, the manufacturing costs for
making impactors would rise considerably, if this option were taken.

The close agreement between the theoretical and experimental performance
curves shown in the two previous figures, when oil coated impaction plates were
used, lies at the heart of the most widely used technigue for eliminating
particle bounce problems. That is the use of surface coatings to absorb the
impact energy and retain the particles., Various silicone and hydrocarbon-based
oils, greases, polymers, and rubbers have been used successfully as coatings by
one or another group of impactor users. A material which wets and that will
wick up through the collected particles to maintain a fresh surface coating is
desirable. However, the coating must not be able to flow or it will be subject
to loss to other surfaces of the impactor while being transported or used.

This results in the use of coating materials which are selected for a
compromise in particle wetting, wicking, and retention with enough stiffness to
remain in place on the collection substrate in use. Thus the V-D50 products
for the impactor stages must be limited even when coatings are used; albeit at
higher values than for bare surfaces. (The jet velocities must also be kept
low enough to insure that the coating is not eroded by the jet.) The key
requirements are the ability of the coating to simultaneously maintain
stability in weight and the needed physical properties for particle adhesion.
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Figure 3-15. Collection efficiency of impactor with oil coated glass plate, and uncoated
glass plate. S/W = 1.7 and T/W = 2.0 (Rao, 1975).
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It is important that a material be used only within a specified
temperature range. There are several reasons for restricting the temperature
range. Among these are weight loss and/or degradation of the needed physical
properties at excessively high temperatures and the fact that many materials
become too hard at temperatures below the recommended limit. An example of the
latter effect is shown in Figure 3-17. This figure illustrates the measured
collection efficiency by particle size for the same impactor stage and sampling
conditions using two different coatings. The measurements were made at
laboratory temperatures. Under these circumstances, the first coating
petroleum jelly was soft and "sticky", while the other (Apiezon H) was too hard
at low temperatures. Apiezon H is commonly used in flue gas sampling for
temperatures in the range from 150 to 200°C.

To date, no coating materials have been identified which can be used at
temperatures above about 230°C. Thus, alternate solutions to the bounce
problem were sought to avoid the necessity of limiting the V-D50 product to
very low values. The use of fiber mat surfaces has been the most successful of
these to date. If a fiber mat such as a glass or quartz fiber filter is used
as a collection surface, particles which do bounce have a reasonable
probability of being deflected into the depths of the mat and being retained
rather than rebounding directly back into the gas stream. This technique has
been demonstrated to reduce particle bounce sufficiently to permit useful data
to be obtained. Figure 3-18 shows actual stage collection efficiency curves
for an Andersen cascade impactor sampling ambient air and dry solid particles
(Rao, 1975). Three sets of curves are shown in the figure: one for which
oil-coated collection surfaces were used; one for which bare metal surfaces
were used; and one for which glass fiber filter surfaces were used. It is
quite apparent that the performance with bare metal surfaces is totally
unacceptable. However, the performance with glass fiber substrates is
adequate, even though the measured efficiencies did not quite reach 100% for
any size at any stage. As the V.D product for an impactor stage is
increased, the maximum collection efficiencies obtainable with fibrous
substrates decreases, thus limits must also be set on VeD products for
operation with fiber substrates. It should be noted that” the stage Dso's in
Rao's data shifted to smaller diameters and the sharpness of the cut was
reduced when the glass fiber surfaces were used. The relative shift in D was
not constant from stage to stage and cannot be predicted by any currently
available theory. Thus if fibrous substrates are to be used, the impactor
should be calibrated with these substrates at conditions similar to those under
which the sampling will take place.

Aerodynamic D 0's are plotted versus stage jet velocities in Figure 3-19
for a number of cascade impactors. These velocities and D__ 's represent the
values that would result if the impactors were operated at their respective
design flow rates at laboratory conditions. The shaded area in the figure
represents the range in which the V.D products would meet the criterion set
by Cheng and Yeh for operation with bare collection surfaces. As can be seen,
none of the impactors meet the criterion for all stages and some do not meet it
for any of their stages. Extensive laboratory calibrations were performed by
Southern Research Institute of each of these impactors. Calibrations of the
Andersen, Flow Sensor, and Sierra impactors were done with glass fiber
substrates. The results of this work revealed that the performance of the



COLLECTION EFFICIENCY, %

100

[22]
o

| | | ! I O 01
_ O 0 .0 %90 o
CE o0 4 %
000
o)
o)
o ®
o o o, ®
oe o %
® () ‘... P o ®
® ® °
8
") ) o
®
eg OVASELINE
@®APIEZONH
() 0.08
_5"_0000‘?90 | | | |
1 2 3 4 5 6

PARTICLE DIAMETER, um 700-550

Figure 3-17. Measured collection efficiency at room temperature of an impactor stage with

two substrate greases. Significant particle bounce effects are seen with Apiezon H,
which at room temperature is far below the softening point (McCain et al., 1985).



‘(G/£61 ‘oeY) 15/dwes uasiaputy 8yl 4O $I11S1I910RIRYD UOIII3/0D) ‘g -& 84nbI-

8-865¢ wr ‘Y31JWVIA DINYNAQOUIY
0'SL ool 0L 0'S 0'c 0z
se[onted _o__ow.m._m_..<n.
H3LT1d4 Y3814 SSYTND ==~
sa|adied pljog-S3Lvid
T33LS SSTITNIVLS GILVOINN ===

sejoiied pinbi-531v1d 13318
SSITINIVLS 43LVOD 110 —

CELI

o\.
\.\

oL

(/74

o€

ot

09

09

% ‘'AON3IJ1443 NOILO3TI0D

oL

08

06

¢ 10] 8

3-24



10.0

LR

1.0
0.8

0.6

D50, Mum

ll|'||

0.4

0.2}

® ANDERSEN AT 14 Ipm

O FLOW SENSOR AT 14 Ipm

O PILAT MARK 111 AT 14 ipm

A SIERRA AT 7.0 Ipm

O SIERRA AT 14.0 Ipm

® BRINK AT 0.85 Ipm

€ MRI AT 14 Ipm

& SR! AT 14 Ipm
Lot

L1ttt

0.1
0.1

1.0

V, m/s

10 100

4181-37

Figure 3-19. Stage D g versus stage jet velocity for various round jet cascade impactors.
Grayed area satisfies no bounce criterion of Cheng and Yeh (1979).

3-25



Sierra impactor was unsatisfactory because of excessive particle bounce when it
was operated at a flow rate of 14 lpm., The performance of the Flow Sensor and
Andersen impactors at that flow rate was satisfactory, and when the flow rate
of the Sierra impactor was reduced to 7 lpm its performance became
satisfactory. The Brink, Pilat Mark III, and MRI impactors were all tested
with grease-coated substrates as was an experimental impactor designed by
Southern Research Institute. For the Brink and MRI, performance was marginal
with respect to particle bounce at the conditions of the tests. The
experimental SRI impactor had excessive bounce even when a normally effective
grease was used. BAs a result of these experiments, general guidelines were
developed for impactor operation that are based on the V.D products for the
individual stages. For bare metal as a collection surface, the V<D 0 product
should not exceed 10 pym-m/s at any stage and should probably be kept to values
below 5 um-m/s. For fibrous collection surfaces, the VeD products should not
exceed 15 um-m/s. For grease-coated substrates, the product should not exceed
25 um-m/s. Adherence to these guidelines should result in acceptable control
of particle bounce under virtually all circumstances. In instances in which
the particulate matter is sticky, these limits may be unduly restrictive and
operation at conditions which result in larger V—D50 products may still produce
acceptable performance.

3.3.2 Catch Limits

The quantity of particulate matter which can be collected on a single
stage is limited by factors which depend on the detailed geometry of the stage,
the properties of the particles being sampled, and the properties of the
collection surfaces. If the deposits of collected particles become too large
they become subject to being reentrained, resulting in the transfer of
particles from the proper collection stage to one or more subsequent stages.
Such reentrainment will obviously bias the results and, if severe, will totally
invalidate them. Limits to stage loadings that will insure that reentrainment
poses no problem are difficult to quantify as they depend on the adhesion and
cohesion properties of the particles, as well as the properties of the
collection media and particle/media interactions. However, extensive
laboratory and field experience has resulted in the use of the figure of 15 mg
as a good guideline target for the maximum load to be collected by any one
impactor stage.

A further limitation in stage loading is set by the fact that as material
collects under a jet the effective jet-to-plate spacing is reduced. This can
result in an unacceptably large shift in the stage D as the sample collection
takes place, depending on the initial spacing and the jet Reynolds number.

In extreme cases when sampling very sticky particles, the impacted particles
collect in a rod-like structure which can bridge the gap between the collection
plate and jet and actually plug the jet.

In sampling sources at which the particle size distribution is dominated
by particles whose diameters are larger than the cutoff diameter of the first
impactor stage, a method is needed to provide a means to avoid overloading the
first stage before sufficient material for measurement can be collected on
suceeding stages. Several forms of high capacity precollectors are available
for this purpose. Some of these are small cyclonic separators while others are
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impaction devices which are designed to utilize gravity and baffling for
retention of large particles. All of the devices made for this application
have load capacities of several hundred milligrams or more.

3.3.3 Interferences

Both grease and fibrous impaction surfaces are subject to chemical and/or
physical changes when exposed to industrial flue gases. These can be in the
form of weight gains or losses which may be comparable to or larger than the
gains caused by the collected sample or they may, in the case of greases, alter
the surface properties so that the impacted particles are not retained.

In the case of fibrous media, reactions with vapor phase components of the
sample stream can result in weight losses or gains. Most commonly, such
reactions result in weight gains; however, some may result in losses (e.gq.
reactions with low concentrations of HF in some process exhausts). SO, is a
common constituent of flue gases from combustion bProcesses which can react
with glass fiber materials to form sulfates on the fiber surface., Such
reactions can lead to weight changes of several milligrams while the weight of
the sample collected on an impactor stage is typically only a fraction of a
milligram to a few milligrams. Because of its ubiquitous nature and the
severity of the problem, special treatments have been devised to deal with SO
reactions with glass fiber media. Many of the reactive properties of glasses
are related to impurities and non-silica components contained in them. Barium
oxide is one such component that is especially susceptible to reaction with
SOZ' Quartz fiber materials are far less subject to problems resulting from
chemical reactions but are not as mechanically strong as borosilicate glasses
and consequently may not be useful in some applications. In addition,
mechanical loss of fibers, if permitted to occur, can lead to unacceptably
large errors due to weight loss or transfer from one stage to another
downstream.

Greases and similar coatings are subject to weight changes from several
mechanisms. If the grease flows too freely at the operating temperature, some
can be blown off a stage from excessive jet velocities or be transferred to
other surfaces simply by flowing off of the impaction substrate. Evaporation
of volatile constituents can alsc lead to weight loss. On the other hand,
chemical reactions with gas phase constituents of the sample stream can result
in weight gains that are unrelated to collected particulate matter. 1In
addition, temperature and chemically induced changes in the physical properties
of the coating can make it unsuitable for its intended purpose of particle
retention.

Because of the effects discussed above, it is imperative that the
collection media to be used in a sampling program be tested for suitability for
the particular application before the actual sampling is bequn. It is also
advisable to periodically recheck the selected impaction substrate materials
during extended sampling programs at a single source.
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3.3.4 Sampling Nozzle and Inlet Effects

Particle size dependent effects in the sampling nozzles and inlet
transforms used to withdraw the sample from the gas stream to be measured and
deliver it to the impactor stages must be accounted for in the measurement
process. ILosses in bends, expansion zones, interconnecting tubing, and
housings can arise from inertial deposition, turbulent deposition, and
gravitational settling - none of which are accounted for in the theoretical
treatments of impactors.

First of all, settling losses are excessive in horizontal probes of the
lengths required for stationary source sampling, so impactors must be operated
in situ. Even when impactors are operated in stack, losses in the inlet
sections of the sampler can be significant and must be accounted for in
impactor measurements. Perhaps the most common error here lies in the easily
overlooked fact that the sampling nozzle always acts as an impaction jet.
Some, but not all, impactors are designed to make use of this. But in all
cases, the nozzle, whose tip size must be correct for isokinetic sampling
conditions, becomes the first impaction jet - whether by design or not.

Historically, the recommended practice for sampling with cascade impactors
has been to attach the impactor to the probe with a 90° bend between the
impactor and probe axis allowing the impactor axis to be aligned with the gas
stream being sampled. In many instances, the geometry of the sampling ports
would not permit insertion of such a configuration thus a "gooseneck" nozzle
was used so that the impactor could be aligned with the probe. However, it has
been found that the trajectory of the sample into the first size separating
stage must be parallel to the flow stream from which the sample is being taken.
The use of "gooseneck" or similar bent nozzles to turn the sample flow into the
probe in the fashion used with Method 5 cannot be permitted for size
distribution measurements. If such a bent nozzle is used, it effectively
becomes a poorly-behaved impaction stage preceding the particle separator and
can cause large changes in the apparent size distribution (PFelix and McCain,
1981; Knapp, 1980). Figure 3-20 illustrates the predicted separation diameters
for 90° nozzles over the range of sampling conditions that are commonly
encountered in industrial source sampling. Cutoff diameters for such nozzles
under typical conditions range from about 2 to 7 um. Results obtained using
such nozzles are not valid for diameters larger than the cutoff diameter of the
nozzle. Recently, manufacturers have begun to offer samplers with the first
stage oriented at a right angle to the main body of the sampler or add-on
precollectors with a right angle orientation. These arrangements permit the
impactor assembly to be mounted co-axially with the probe while maintaining the
direction of flow parallel to the sampled stream up to the first inspection
stage.

Even when 90° nozzles are not used, impaction losses in impactor inlet
stage can be a problem. The nozzle tip sizes required for isokinetic sampling
are typically small enough that the effective stage D 0 of the nozzle is only a
few microns as was illustrated in Figure 3-20. To allow size fractionation at
larger particle diameters, the standard practice in the design of impactors for
source testing is to gradually expand the nozzle and/or transform to the first
"standard" collection stage. By permitting the sample to decelerate before
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reaching that stage these designs attempt to raise the effective D of the
inlet to a value that does not undercut the first stage or stages. In some
cases the nozzle itself is flared over a short enough distance to make settling
losses acceptable and the nozzle exit is used as the first jet. This approach
is used in the Pilat impactors and in several of the "Right Angle"
precollectors which are on the market. However, the expanding jet geometry has
not been modeled and calibrations of this geometry show that the cuts are not
predicted at all well by current theory. In other devices such as the Andersen
Mark III Stack Sampler and the Sierra stack sampling impactors, long expansion
transforms are used. But even though the effective jet-to~-plate distances are
large, impaction still occurs on the inlet surface to the first jet stage.
Moreover, settling losses become quite significant when the devices are
operated in a horizontal position. Likewise, the multijet inlet transform of
the MRI 1501 impactor is subject to significant impaction losses. The end
result of all of this is that the effective value of the impaction parameter
for the first impaction stage is much smaller than predicted by theory in all
cases., Therefore, calibrations must be used to determine empirical
relationships for obtaining the first stage D 0's. These effects also make it
very difficult (or virtually impossible) to size particles larger than about 10
to 15 um with cascade impactors.

3.3.5 Electrostatic Effects

The effect of particle charge on particle deposition in impactors is of
potential concern, especially when sampling aerosols that are known or are
expected to carry significant unipolar charge levels. Particles exiting a high
efficiency electrostatic precipitator (ESP) would fall into this class.

Experiments to quantify the effect of particle charge on particle
collection in impactors have been carried out using both monodisperse and
polydisperse aerosols (Farthing et.al.,, 1979). A range of charge levels from
neutral to levels about five times greater than would be expected on particles
exiting an ESP were used in these experiments. The results showed the
following:

1. At moderate charge levels there was no shift in stage Dso's.
2. At high charge levels (5x typical ESP exit charges) there were large
effects, primarily in the form of increased wall losses.

3. Grounding the impactor and collection surfaces made the effect of charge
greater,

4. The measured size distributions of the same polydisperse aerosol with
neutral particles and with moderate charge (comparable to ESP exit charges)
were virtually identical.

5. The measured size distributions of polydisperse aerosols showed apparently
higher concentrations of large particles and correspondingly reduced
concentrations of small particles than the true distribution when the
particles were highly charged.
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In conclusion, particle charge is not believed to cause serious errors in
cascade impactor data under the conditions which might be expected to be found
in sampling industrial sources, although errors can be expected if charge
levels a great deal higher than those encountered at ESP outlets are met.

3.4 Field Protocol

The following paragraphs provide a summary of the field procedures for the
determination of particle size distributions at stationary industrial sources
by using cascade impactors. The protocol given may be used for any of the
cascade impactors listed in Appendix B (Commercially Available Hardware) of the
procedures document. The Pollution Control Systems (University of Washington)
Mark V Cascade Impactor with right angle precollector was recommended to ARB as
the preferred instrumentation for the Size Distribution Method and the Protocol
is specifically aimed at the special features of that device. Little
modification is needed to adapt the protocol to the other instrumentation.

3.4.1 Inlet and Outlet Sampling Situations

Most industrial sources utilize a control device to remove particulate
matter from the sample stream before discharge to the atmosphere. Sampling at
points upstream of the control device is frequently referred to as the inlet
sampling environment and sampling at points downstream of the control device is
referred to as the outlet sampling environment. With today's high efficiency
control devices, collection efficiencies of 99.9% are common. At such a
facility the particulate concentration at the outlet is 1/10 of one percent of
that at the inlet, a difference of 1,000 to 1. Differences of 10,000 to 1 are
not uncommon. As one might suspect this can bose a formidable problem when the
same sampler is to be used for both sampling environments. The same 50%
collection diameters are desired for both environments, so the impactor
flow rate must be approximately the same if the same stages are used.
Consequently the only remaining control variable that can be adjusted is the
run time. If any one of the stages of the impactor overloads particulate
matter is transferred down to lower stages (reentrainment) causing the data to
be invalidated. The dynamic range between minimum stage loading (reliably
measurable weight change ~ 0.2 mg) and the maximum stage loading prior to
reentrainment occurring (about 15 mg, dependent on aerosol characteristics, jet
velocities, and substrate material) is at best about 75 to 1. If a five minute
run time at the inlet of a high efficiency control device (99.99%) resulted in
a weight gain of 15 mg on the most heavily loaded stage, the outlet run time
would need to be 667 min (11.1 hours) to obtain a weight gain of 0.2 mg on the
most heavily loaded stage. Note that this would lead to unreliable weights for
all other stages. Most impactors have been designed to require a sample time
of about two hours on high efficiency control devices. Consequently the same
impactor would commonly overload in less than one minute at the inlet to this
same control device. For this reason, some impactors have been designed for
inlet situations by using stages which give the desired D at low flow rates.
The need to sample isokinetically together with a practical minimum nozzle
diameter of about 1/16 inch, places a lower limit on the impactor flow rate.
Low flow rate impactors would require very very long run times if used at the
outlet of a high efficiency control device. The solution of the problem is to
use different impactors, or impactor configurations for the two environments.
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3.4.2 Measurement Principle and Applicability

The protocol addresses the application of cascade impactors to industrial
source sampling situations. The technique is valid when the equipment
configuration, operational flow rate, and total gas volume sampled are properly
selected such that measurable quantities are collected (without overloading)
and operational regime limits for Reynolds number and jet velocities are
observed. Skilled operators are needed for proper operation of cascade
impactors and for carrying out the subsequent analysis of the data. The
protocol attempts to set forth procedures which are workable and valid for most
commonly encountered sampling situations but it is impossible to address all
possible sampling situations. Consequently these procedures are to be
considered as recommendations rather than compliance procedures. The skill,
experience, and judgment of the user are important factors in the successful
application of the method.

3.4.3 Sampling Train

A schematic of the sampling train is shown in Figure 3-21. The right
angle precollector and cascade impactor are mounted on the modified probe of a
standard Method 5 sampling train. The pitot head normally used on a standard
Method 5 sampling train is not used with impactors. The flow metering orifice
on the dry gas meter may need to be changed to an appropriate size for the
desired impactor flow rate. Since the impactor is operated in-situ the filter/
oven section of the Method 5 train is not used. All in-situ components should
be constructed of stainless steel for purposes of temperature tolerance,
ruggedness, and for resistance to corrosive flue gases. High temperature
heating tapes permit the same probe to be used in hot side (>400°F) as well as
cold side sampling situations. Method 5 Sampling Trains are available from
numerous commercial vendors. The following paragraphs describe the various
components of the sampling train.

3.4.4 Right Angle Precollector

In most situations the use of a right angle precollector is essential.
The precollector serves to (1) turn the sample stream through a 90° angle and
(2) help prevent overloading of first impactor stage. If the port arrangement
is such that the impactor can be rotated into flow and the loading and size
distribution of the sample stream does not cause overloading problems with the
first impactor stage, then the precollector is not necessary. Such is seldom
the case, however.

Most industrial sources only have four inch diameter sampling ports and
use thick, insulated walls so that clearance is not adequate to permit rotation
of the impactor into the flow stream. The curved nozzles (90° Bent and
Buttonhook) used with Methods 5 and 17 are unacceptable for use with particle
sizing devices because of high particulate losses in the nozzle.

At most sources the mass is concentrated in the larger particles thus
overloading of the first stage may occur before minimum detectable weights are
obtained on some of the lower stages. The capacity of the upper stages needs
to be increased to permit collection of weighable quantities at the lower
stages. The precollector provides a means of accomplishing this.,.
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3.4.5 Nozzles

When attached to the right angle precollector, the nozzle should not
inhibit entry through a four inch diameter port. However, if the impactor can
be rotated into flow it may not be necessary to use a precollector. The
nozzles should have a sharp leading edge. The inside of the nozzle should have
an even taper from the inlet diameter to the correct exit diameter for the
particular precollector. It is important that all nozzles have the same exit
diameter since this is one of the critical dimensions in the aerodynamic
performance of the precollector (inlet jet diameter).

A range of nozzle sizes is needed for isokinetic sampling. The
recommended range is from l/_ to 1/2 inch (3.2 to 12.7 mm) diameter in
increments of 1/16 inch (1.6 mm). For inlet sampling with a low flow rate
impactor, it may be necessary to use smaller diameter nozzles and smaller
increments in nozzle diameter. Problems with nozzle pluggage establish a
minimum diameter of about 0.0550 inches (1.4 mm).

3.4.6 Cascade Impactor

Appendix B of the Impactor Procedures Document gives a list of current
commercially available cascade impactors suitable for use as in-situ stack
samplers. All of these impactors are designed with an internal filter holder.
The impactor type used must have been calibrated for the configuration to be
used (choice of substrate material and stages used) to verify that its
performance is predictable. The Pollution Control Systems (University of
Washington) Mark V Cascade Impactor is the ARB preferred instrumentation,
together with an accessory right angle precollector and nozzle set (EPA/SoRI
design). The Mark V impactor is of an in-line design permitting the user to
choose appropriate stages for a given sampling situation (inlet, outlet, stack
velocity, temperature, etc.).

3.4.7 Flue Gas Composition and Velocity Profile (PS, Busr Mg Us)

Once the sampling site is prepared and the equipment is in place, the
first action is to determine the Flue Gas Composition using Method 3 (Gas
Analysis for Carbon Dioxide, Oxygen, Excess Air, and Dry Molecular Weight) or
Grab Sampling Techniques (Fyrite type Analysis) and Approximation Method 4
(Determination of Moisture Content in Stack Gas, Section 3). A pitot traverse
(Method 2) must be made in order to determine gas temperatures and velocities
over the sampling plane. The gas fractions for O2 C02, and B_, the molecular
weight (M), absolute stack pressure (Pg), point velocity distribution Us e
average velocity (u ) and an initial guess at the flue gas mass loading (c J
gr/acf), are then used to select the stage confiquration, sampling flow rate,

nozzle size, and traversing protocol.



3.4.8 Traversing Protocol

In order to obtain a representative measurement one must obtain samples at
representative points across the duct (stack) at isokinetic rates. In the case
of conventional total particulate testing (e.g., Methods 5 and 17), this is
accomplished by dividing the duct into a large number of equal area segments
(per Method 1) and obtaining an isokinetic sample at the centroid of each of
these areas. In Methods 5 and 17, isokinetic sampling is achieved by selecting
a nozzle which is appropriate for the combination of the nominal flow rate at
which the sampler is intended to operate and the average duct velocity.
Compensation for duct velocity variations is then achieved by adjusting the
sampling rate. This procedure cannot be used with inertial particle size
classifiers because changes in sampling rates result in shifts in the
diameter(s) at which size fractionation takes place.

With a fixed flow rate sampler the following procedure is recommended:
establish anisokinetic limits and divide the sample plane (Method 1 Traverse
Points) into multiple regions such that all points within a given region may be
sampled at a constant velocity and satisfy the anisokinetic limits. Separate
runs are then performed for each region. The runs are a'veraged using a
weighting proportional to the total volumetric flow of each region, this
average synthesizes a complete traverse. Method 1 pbrocedures are used to
define the traverse points and Method 2 Procedures are used to determine the
velocity at each point.

The suggested criterion for the isokinetic sampling limit is that each
point sampled during a run should have a point velocity that is within *20% of
the impactor inlet velocity. Each of the Method 1 traverse points should be
sampled, thus if the ratio of the minimum velocity to maximum velocity within
the entire sampling plane is greater than about 1.5, multiple impactor runs are
required. 1In the latter event, two or more regions would be selected such that

for each region the velocity at every point within the region satisfied the 20%
requirement.

Thus for any point i within a given region, the velocity at that point
(Ui) meets the criteria .8V U; € 1.2V where V is the sampling velocity into
the impactor nozzle (fixed by the choice of Nozzle Diameter and Impactor
Flow Rate).

3.4.9 Quality Control

The following criteria are used to determine the acceptability of test
results. Criteria 1 and 2 relate to the test series in general, whereas
criteria 3 through 19 relate to the individual impactor runs.

General Test Criteria

(1) Blank Impactor Gains: A blank impactor run is mandatory in order to
demonstrate the suitability of the selected substrate material. The maximum
recommended range in the substrate weight changes for this blank run is
0. 25mg.



(2) Minimum Number of Runs: It is recommended that seven (7) sets of
traverses (multiple runs synthesizing a complete traverse) be performed. The
minimum number of traverses that may be used to characterize a condition is
three (3).

Criteria for Individual Impactor Runs

(3) Reproducibility of Control Weights: The control weights used in the
operation of the analytical balance should be reproducible to within *0.05 mg.
The precision associated with the stage weight gains is determined by the
reproducibility of the control weights.

(4) Reynolds Number Limit: The combination of selected jet stage and
impactor flow rate must be such that Reynolds numbers are greater than 50.
Reynolds number greater than 200 are desirable.

(5) Bounce Prevention: The combination of selected jet stage and
impactor flow rate must be such that the product of the jet velocity (V) and

aerodynamic stage cut point (DSO) does not exceed the following values:

Bare Metal Substrate: VeD < 5 ym-m/s

. 50
Fiber Mat Substrate: V-D50 < 15 pum-m/s
Greased Substrate c¢/1: V-D50 < 25 um~-m/s

(6) 1In-situ Sampling: Extractive sampling into an impactor is not
permitted, even when heat traced lines are used and the impactor is placed in a
heated oven. The nature of the problem is that excessive particulate losses
occur in the extractive probe. The ability of an extractive probe to remove
particles of a given size is dependent on flow rate, tube diameter, number of
bends, and a host of other factors. Size selective losses occurring in the
probe invalidate the data from the impactor.

(7) straight Nozzles: Only straight nozzles may be used. Method 5 type
goose neck (button hook) nozzles may not be used. The impactor must either be
rotated into the gas stream so that a straight nozzle can be used or a right
angle precollector should be used to permit the impactor to be operated
perpendicular to the direction of the gas flow.

(8) Minimum Nozzle Diameter: Obviously to avoid bias, the nozzle
diameter should be larger than the diameter of the largest particle which might
be expected to be present. A problem associated with the use of small nozzles
is pluggage of the nozzle by large particles. For this reason, 1.4 mm is
recommended as a practical minimum nozzle ID.

(9) 1In-situ Heating: 1If the stack temperature is above 347°F (175°C),
sampling may usuglly be performed at stack temperature. At stack temperatures
less than this limit, it may be necessary to heat the impactor to at least 18°F
(10°C) above the stack temperature by the use of heaters wrapped around the
impactor to avoid condensation problems. The decision to externally heat the
impactor depends primarily on the properties of the flue gas. Thus, high
moisture stacks or high levels of H SO, or other condensible vapors may require
in-situ heating of the impactors. A postrun visual examination of the impactor
substrates will reveal the presence or absence of condensation problems.
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(10) Warm-Up Requirement: Warm-up times should be 45 minutes to one hour.
Shorter times may result in condensation occurring on various surfaces of the
impactor.

(11) Minimum Run Time: The shortest permissible run time is 60 seconds.
A desirable minimum run time is three minutes. TIf high particulate loadings
result in run times shorter than 60 seconds, a lower flow rate or a different
sampling device should be used.

(12) Leak Tests: The impactor must satisfy both the Pretest Hot Leak
Test criteria and the Post-Test Hot Leak Test criteria given in the protocol.

(13) Anisokinetic Sampling Limits: At each traverse point sampled by a
given impactor, the point velocity (ui) must be within * 20% of the inlet
velocity (u) for the impactor.

(14) Nozzle Inspection: The nozzle must pass the Post-Test nozzle damage
visual check.

(15) Substrate Inspection: When the impactor is unloaded, the stage
catches are inspected to see if overloading, scouring, bounce, condensation,
handling losses, etc., have occurred such that the data is compromised or in-
validated. The shape of the deposits will provide some indication of whether
Oor not bounce or reentrainment occurred during the run. An acceptable velocity
through the jets usually results in a well-defined, cone-shaped pile of
particulate matter while an excessive jet velocity yields a diffuse deposit.,
In extreme cases virtually none of the particles will be collected directly
under the jets. Reentrainment is also more likely to occur at higher sampling
flow rates. Streaks of particulate radiating out from the deposits may
indicate that blow-off occurred and clumps of agglomerated material on the

inlet surfaces of the jet plates almost certainly indicate that blow-off has
occurred.

In addition to visual inspection, reentrainment due to stage overloading
can be detected by running two otherwise identical tests for different sampling
durations. If the size distribution measured in the longer run shows a
pronounced bias toward smaller particles, overloading and reentrainment should
be suspected. The operator must be aware, however, that substrate weight
changes due to chemical reaction will not necessarily be the same for different
sampling periods. Additional blank runs may be needed to resolve any doubts
caused by possible substrate reactions.

(16) 1Isokinetic Requirements: The calculated average percent Isokinetic
(I) for a given run must satisfy the following:

75% < I < 125%
(17) Maximum Stage Loadings: Excluding the precollector and filter, the
individual substrate catch should not exceed 15 mg. If this limit is exceeded

one runs a risk of overloading the substrate. The actual point where overload-
ing occurs depends on the design of the impactor used, the type of substrate
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material selected, and the properties of the material collected. A postrun
visual examination may reveal visual evidence of overloading. Other tests
include unrealistic filter weight changes and microscopic examination of the
filter for the presence of large particles.

(18) Blank Substrate Weight Changes: The recommended range in weight
changes for the blank substrate is 0.25 mg (or 10% of the expected weight
change for the loaded substrates). The weight change of the blank substrate
provides a cumulative measure of all balance errors (drift in the analytical
balance), handling losses, flue gas-substrate interactions, etc., that might
impact the weight change determinations for this impactor run. The change for
each run should be compared to the grand average of all other blank substrates
("Blank" Impactor Run and blank substrate from each real run). Any given run
is suspect if its blank shows a weight change significantly different (an
outlier) from this grand average. Relatively large weight changes can be
tolerated if they are uniform and reproducible from stage to stage and from one
blank run to another. In the latter case, the grand average of the blank
weight changes is substracted from the measured particulate catch weights as a
background correction.

(19) Blank Filter Weight Change: Same criteria as (18) above except that
the criteria are applied to the set of all blank filter weight changes rather
than the set of all blank substrate weight changes.

(20) Control Runs: Control runs are recommended as a means of
quantifying any substrate weight changes caused by faulty handling procedures.
Although mechanical losses are not as likely to be a factor with greased foils
as with fiber mats, control runs are suggested with either. To perform a
control run, an impactor is loaded as for a regular run. The inlet and outlet
are plugged and the impactor is carried to the sampling site. The impactor is
not operated, but is kept at the sampling site until the actual run is
completed. Then the control is carried back to the laboratory and unloaded in
the same way as the impactors for the regular runs. Every aspect of the
treatment of the control is the same as that of a real run except that it is
not operated in the stack. If the substrate loses or gains more than an
average of 0.05 mg, additional care must be taken to improve the handling
and/or weighing procedures.

(21) On-Site Post Test Weights: At least one post test dry weight of
each substrate should be recorded on site. If possible, second weighings
should also be performed in the field. Second weighings of every substrate may
be avoided by performing second weighings on a random selection of 10 to 20
percent of the substrates. If the first weight in each case is reproduced to
within 0.05 mg, the first post test weighing may be accepted as the final dry
weight of all the substrates.

3.4.10 High Concentration Sampling Situations

Most impactors are designed for sampling at relatively low concentration
outlets, downstream of particulate control equipment. Consequently many of
these impactors are not suitable for sampling upstream of control equipment
where the particulate concentrations may be as much as 10,000 times greater



than at the outlet. Some impactors permit the operator to select from multiple
stages, permitting the impactor to be configured for low flow rates. If the
concentration is still so high that unrealistic sampling times (less than 60
sec.) must be used to avoid overloading one has the option of using the
EPA/SoRI designed Five Series Cyclone Set described in Attachment 2 of the
Project Final Report. The cyclone procedures described in Attachment 2 focus
on obtaining size segregated samples for chemical analysis but the same
equipment may also be used to obtain sizing information. The major
modification to the cyclone operating procedures is the requirement of
gravimetric analysis of the cyclone catches. This analysis is not specified in
the Task 2 document because the additional handling can compromise the chemical
integrity of the collected samples (particularly for organics) and is
unnecessary for obtaining the chemical information. In general, if one desires
both sizing and chemical information from the cyclones, any given run must be
dedicated to either sizing information or chemical information and handled
accordingly.

3.4.11 Wet Stacks, Condensibles, and Supplemental Heating

In sampling situations where the process stream contains entrained
moisture or is near the dew point of some condensible vapor, one must first
define the measurement objectives., That is, are they to: (1) characterize only
the particulate to be released to the atmosphere or (2) characterize both the
particulate and entrained liquid/ condensibles present in the flue. If the
former is desired, as is normally the case, one must provide supplemental
heating to the impactor to prevent condensation from occurring in the impactor
and to reevaporate entrained liquid droplets that would be evaporated in the
downwind plume. Heat is usually supplied either by means of a heating pad
properly sized for the impactor/precollector or by lengths of electrical
heating tape.

The temperature of the sample gas exiting the impactor should be monitored
by a thermocouple exposed to the sample gas flow immediately downstream of the
final filter, but the heating elements should be controlled by a second
thermocouple between the impactor and the heater. A setting should be selected
for this second thermocouple that will not damage the impactor or heater but
will raise the temperature of the exit gas to about 20°F (as monitored by the
first thermocouple) above the stack gas temperature.

If one wishes to characterize both the particulate and entrained liquid/
condensibles, many modifications are necessary. Generally, a specially
designed sampler is used. The Brink impactor using deep cups, blotter type
substrates, and operated in an upright position (top entry for horizontal ducts
with a special 180° turn-around fitting for attaching the impactor to the
probe) has been used for this purpose. Gravimetric analysis can then be
performed on the wet substrates or chemical analyses can be performed for a
tracer whose concentration in the original liquid is known,
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3.5 Data Analysis

After obtaining a sample using a cascade impactor the data must be reduced
to obtain the desired size distribution from the stage weights, sampling
information, and hardware specifics. This information is used to obtain the
size distribution in both differential and cumulative forms using the D50
method of data analysis.

The D of a stage is the particle diameter at which the stage achieves
50% efficiency: half of the particles of that diameter are captured and half
are not. The Dg analysis method simplifies the stage collection efficiency
curve by assuming that a given stage captures all of the particles with a
diameter equal to or greater than the D of that stage and less than the D
of the preceding stage. Thus, for the purpose of constructing a size
distribution, particles collected on a specific stage are assumed to have
diameters between the D50 of that stage and the D50 of the stage immediately
upstream of it. The typical or average size of the particles collected by a
stage is generally taken to be the geometric mean of the stage D and that of
the preceding stage. Note that there is no good way to assign a typical, or
average, diameter to the material collected by the first stage or the backup
filter because one of the limiting diameters is undefined for them.

50

The simplification described above does not take into account the shape,
or slope, of the actual collection efficiency curves. It is assumed, rather,
that the collection efficiency curves are step functions. Some compensation
for the errors implicit in this assumption occurs as a result of the efficiency
curves being rather symmetric about the D5 « Errors resulting from not
collecting some of the particles that are Rarger than the D are compensated
for by the collection of some particles smaller than the D_.. If the
efficiency curves were completely symmetric and the size distribution of the
aerosol being sampled were flat in the vicinity of the stage D_.., then the
compensation would be perfect. The former is very nearly true 1in most cases;
however, the latter is true only near modal peaks or saddle points in size
distributions found in actual aerosol sources. Notice that if the stage
efficiency curves were true step functions, the D50 method would be exact;
therefore the sharper the true efficiency curves are, the more nearly exact the
method becomes.

Computer models of particle collection by cascade impactors have shown
that reconstruction of the input size distributions using the D50 method yield
results of tolerable accuracy when the aerosol distributions are approximately
log-normal with geometric standard deviations larger than about 1.8 (McCain,
1979). This is the case for most industrial particulate emission sources.,

A number of more sophisticated data reduction schemes which use measured
stage efficiency curves for deconvolving the data have been proposed. However,
inaccuracies in both the measured calibration curves and in the data from
actual sampling runs cause serious difficulties in the application of all such
methods proposed to date. Because they are not advanced enough to give
reliable results at present, the D50 method is recommended and is the only one
that will be described here.



3.5.1 Calculation of Stage D50 Values

The basic equation that defines the impaction behavior of a given stage of
a cascade impactor is:

18 y D,y 172
M P55,
Bso = (————) (3-6)
PpY;
where D50 = diameter of a particle having 50% probability
of impaction on the stage, cm
u = viscosity of gas passing through the impactor
jet(s), poise
Dj = diameter of impactor jet, om, or, alternatively,

the width, Wj, of slot in a slotted impactor, cm

wSO = inertial impaction parameter determined by
calibration, dimensionless

C = Cunningham slip correction factor, dimensionless
(given below) (calculated using upstream conditions)

p = density of particle, g/cm3

Vs = mean velocity of gas through an impactor jet, cm/sec
(calculated using upstream pressure)

and
-0. 44 Dso
c =1+ 2% [1.23 + 0.41 exp(——)] (3-7)
50 L
where £ = mean free path of air molecules at impactor stage

(at upstream conditions), cm
- 0.7323 Vi
P = gas pressure at stage inlet, cm Hg
T = gas temperature, °k

and MW = wet molecular weight of the gas
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The Stokes diameter of a particle, as defined by equation 3-6, is of
interest for most applications. However, at times, for example for PM pur-
poses, data must be expressed in terms of the aerodynamic diameter, defined as
the diameter of a sphere having unit density and the same settling velocity as
the particle of interest. In order to calculate the D of an impactor stage
on an aerodynamic basis, pP is set equal to 1.0 g/cm3 and equation 3-6 becomes-

18y uD; 1/2
s 3

D = (—50 (3-8)

50 C v,

3

The values of wso for each stage of the impactor can be found by using the
calibration procedures outlined in Section 2 or may be calculated from theory.
Then, since C is dependent on particle size, the D can be calculated using an

iterative solution of equations 3-6 and 3-7 or 3-8 and 3-7.
3.5.2 Single Run Data Analysis and Presentation

The true particle-size distribution of almost any particle-laden gas stre-
am (outside the laboratory) is a smooth and continuous curve. As impactors
have a finite number of stages, they break this continuous particle-size
distribution into a series of discrete sets of particulate matter in separate
size intervals. In actuality, these intervals overlap somewhat, but they are
not generally treated as doing so. If the widths of the intervals are large
compared with the ranges of overlap, the errors introduced by ignoring the
overlaps are small. The object of impactor data analysis is to transform the
discrete data into a good approximation of the real, continuous distribution.

Anomalies are introduced into the reconstructed size distributions
obtained using the D50 method if the D__ 's of two successive stages are close
enough to one another that the efficiency curves overlap significantly. 1In
such cases, the second (downstream) stage receives an aercsol whose concen-
tration varies rapidly with diameter within the vicinity of its D_., violating
the basic assumption of the D 0 method. It can be shown that the effect of the
overlap is a positive bias in the apparent concentration of particles in the
nominal size range of those caught on the second of the two stages. Thus, the
differential distribution is biased high in the interval between the D__'s of
the two stages, and is correspondingly biased low in the interval covered by
the next successive stage. As an illustration, consider two successive stages
whose D_. 's are infinitesimally close to one another. The mass which should be
collected between the two Dso's to properly represent the aerosol size
distribution would then also be infinitesimally small. However, the second of
the two stages will in fact collect an appreciable amount of particles whose
diameters lie in the region where the collection efficiency values of the two
stages lie between 5 and 95 percent. Particles in this size range have a
significant probability of passing the first stage and being captured by the
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second. For the case of D values which are essentially identical, the mass
on the second stage has the effect of introducing an apparent discontinuity in
the reconstructed cumulative distribution or a spike in the differential
distribution. In practice, one can avoid the problem introduced by this effect
by combining the mass collected by the second of the two closely spaced stages
with that of the stage immediately following it and omitting the second stage
from the analysis. A good working practice is to maintain the ratio of
successive Dso's at values of 1.4 or greater.

It is assumed for the purpose of analysis that all of the material caught
on an impaction stage consists of particles having aerodynamic diameters equal
to, or greater than, the D 0 for that stage, and less than the D for the next
higher stage. For the first stage (or precollector), it is assumed that all of
the particles caught have aerodynamic diameters greater than, or equal to, the
D50 for that stage (or precollector), but less than the maximum particle size.
When possible, the maximum particle size should be measured, for example, with
an optical microscope. If this is impossible, an arbitrarily large value of
1000 uym or larger should be used for uncontrolled sources and a value of about
100 ym for controlled sources.

Data should be presented as both differential and cumulative particle-size
distributions as described in the following discussion.

3.5.3 Differential Particle-~Size Distributions

Since the true particle-size distribution is continuous, the mass of
material with particle diameters between D and D + dD can be represented by dM.
Then the integral

D dM
[2 (=) a (3-9)
D1 db

yields the total mass made up of particles with diameters between Dland D2.

Many cascade impactors are designed so that the relationship between
successive stage D50's is logarithmic. Further, many natural aerosol size
distributions are very nearly log-normal. That is, the distributions are
gaussian if the logarithm of diameter is used as the independent variable. For
these reasons, and to minimize graph scaling problems, the differential
particle-size distributions are plotted on log-log or semi~-log paper with
dM/dLogD as the ordinate and Log D as the abscissa. The mass of the material
on stage "n" is designated by AM, and is, in approximation, the mass of
particulate matter with particle diameters between (D5 ) and (Dso)n-1' The
A(Log D) associated with AM, is Log(DSO)n_.1 - Log(DSOgn. Note that diameters
decrease as "n" increases. Using these approximations, the derivative term
associated with stage "n" is defined as follows:

AMn mass on stage "n"
[dM/dLagD] = = (3-10)

A(LogDSO)n Log(DSO)n_1 - Log(DSO)n




Plotting this approximation of dM/dLogD versus Log D results in a
histogram. From such a histogram, the total mass of particles with diameters

between (Dso)i and (Dso)j can be calculated as the sum:

AMk

3
Mass = ) A(Log D¢, )y (3-11)

k=i &(Log Do)y

where "k" takes on values corresponding to the discrete increments of the
histogram.

If an impactor with an infinite number of stages having step function
efficiency curves were available, the histogram would approach a continuous
function, the A(Log D O) terms would approach d(Log D), and the mass between Dp,
and Dn could be calculated as:

D aMm
Mass = [  (———) d(Log D) (3-12)
Dy d(Log D)

Such an impactor does not exist, but the histogram can be plotted as a smooth
curve by assigning some average of (Dso)n+1 and (D ,), to the AM/A(Log DSO)n
term and drawing a smooth curve through the resulting points. The geometric
mean of the D__ 's is generally used. This curve is then a continucus function
approximating the actual particle-size distribution. Note that the area under
the curve in a given size range is equal to the mass of the particulate matter
in that interval. Such a curve is needed to calculate fractional collection
efficiencies of control devices if the DSO'S differ for inlet and outlet
measurements. To normalize the differences in the masses of samples collected
by various instruments, the mass on each stage is usually divided by the volume
of the sampled gas at standard temperature and pressure, yielding concentration
units. Figure 3-22 illustrates a typical dM/dLogD plot. The accuracy of the
approximation described above is limited by the number of data points and by
neglecting the non-ideal behavior of the impactors, especially overlapping
collection efficiencies for adjacent stages.

An alternative method of calculating the differential particle size
distribution is to measure the slope of the cumulative mass loading curve
(described below) at selected intervals and plot this slope versus the
corresponding particle size.
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Figure 3-22. Differential size distribution estimated directly from the stage weights and Dgp’s of an
impactor run.



A differential number distribution can also be derived. Since AM:. is the
mass per unit volume for stage j then we can define AN. as the number of
particles per unit volume for stage j. Now AM. and AN: are related by the
equation AM: = AN, x M_, where M_ is the average mass of the particles
collected on the Stage. Dividing both sides of the equation by Mp X ALogD
yields:

(AM./ALogD)j AN,
= ; ) (3-13)
Mp ALogD 3
Where M_ = p V_ and p_ is the assumed density of the particle and Vp is the
averade volume of one particle on a given stage:
.3
ﬂpp(GMD)J (3-14)
Mp— o
Therefore:
(AN/ALogD)§ = 6 (AM/ALOgD) ;/mp,(GMD) 43 (3-15)

3.5.4 Cumulative Particle-Size Distributions

Two forms of cumulative distributions are commonly used - cumulative con-
centration and cumulative percentage. These are generated, respectively, by
summing the concentrations of particles smaller than the D5 's of successive
stages or by summing the percentages of the total concentra%ion smaller than
the successive Dso's. Distributions in this form are conventionally plotted
commencing at the smallest diameter for which data was obtained and progres-
sively summing to the larger sizes.

Cumulative distributions do have some disadvantages compared to differ-
ential distributions. An error in a stage weight is propagated forward
throughout the remainder of the distribution in a cumulative analysis, but is
isolated by the differential approach. Also the differential method need not
involve the use of data for sizes outside of the range over which the sampler
provides size resolution and so is useful in comparing results obtained with
impactors with those obtained from instruments which cover only restricted
particle size intervals (e.g. optical particle counters). Cumulative distribu-
tions are also not amenable to making direct comparisons of concentrations at
selected sizes as can be done with differential distributions.

Cumulative Concentration Format
A cumulative concentration particle-~size distribution is shown in Figure
3-23. Distributions in the cumulative concentration format are formed by first

calculating the concentrations for each size fraction provided by the sampler
and successively summing these. If the conventional format is followed and the
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Figure 3-23. Particle size distribution on a cumulative concentration basis estimated directly
from the data of an impactor run.
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Figure 3-24. Typical particle size distribution on a cumulative percentage by mass basis
as measured with a cascade impactor.
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summation begins at the smallest D 07 any error in the sample collected on the
backup filter is propagated througgout the entire presentation. Because the
backup filter catch is affected to a far greater extent than the remaining
stage catches by particle bounce and reentrainment, it is especially important
that the magnitude of these effects be held to a minimum if the cumulative
distributions are to be kept relatively unbiased. Summing from the large
particle end of the size spectrum does not necessarily rid the distribution of
bias since the measured concentrations of large particles are susceptible to
bias from, among other things, the inability to maintain true isokinetic
sampling conditions (because of the requirement of fixed sampling flow rates).
The small particle end of the size spectrum is selected for the beginning of
the summation because in most instances the larger particles dominate the
distribution and the addition of the smaller particles to the larger would be
undetectable in the presentation. Note that it is possible to present data in
a form of cumulative concentration format in the absence of information
regarding concentrations at one extreme of the distribution.

The value of the ordinate at a given D would be:

50
k-1
Mass concentration smaller than (D )y = ) cy (3-16)
i=0
where i = Q0 corresponds to the filter,

i1 = k corresponds to the selected stage,

Ci= concentration determined from the stage i particulate catch,

N = total number of stages (including the precollector).

This equation requires that the stages be counted upward from the final
filter. There is no (DSO)0 since the "O" stage corresponds to the backup
filter. (DSO)1 is the cut-point of the final impaction stage.

Cumulative Percentage Format

A cumulative percent particle-size distribution is shown in Figure 3-24.
Many aerosols have particle size distributions which follow, or can be
approximated by, the "Normal" or Gaussian function if the logarithm of the
particle diameter is used as the independent variable. Such distributions,
called log-normal distributions, can be characterized or described by three
parameters: a normalizing constant which defines the total concentration, and
two constants which define the location and shape of the distribution.
Generally, the mass median diameter and the geometric standard deviation are
used for the latter two parameters. The mass median diameter, or MMD, locates
the diameter about which the distribution is centered and is the diameter at
which half the particulate mass is contained in particles having smaller
diameters and half in those which are larger. The geometric standard
deviation, or o_, defines the spread of the distribution and is defined by
ratios of the médian diameter and the plus and minus one sigma diameters in the
log-normal function. It is approximately equal to D(84%)/MMD and/or
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MMD/D(16%), where D(84%) and D(16%) are the diameters below which sizes one
finds respectively 84% and 16% of the particle mass.

Size distribution presentations on a cumulative percentage basis are
formed as the sums of the percentages of the total catch collected by each
stage of the sampler. When plotted, they are usually displayed on special
log-probability paper as in Figure 3-24, with the logarithmic axis used for
particle diameter, and the "probability", or bercentage, axis for the
cumulative percentage. True log-normal distributions form straight lines when
plotted on this paper, making estimation of the mass median diameter and
geometric standard deviation a simple task. Deviations of a distribution from
the log-normal form will result in curvature or slope changes in the plot.

Disadvantages of the cumulative percentage format are that knowledge of
the complete size distribution is required to form it, and an error in the
measured concentration in any size interval is propagated throughout the entire
presentation. It should also be remembered that a distribution presented in a
cumulative percentage format is incompletely specified, as it contains no
information with regard to absolute concentrations. In order to make full
utilization of the data possible, the total concentration should be specified
in the plot legend.

The value of the ordinate at a given D would be:

50

k-1

) my
i=

Mass percent smaller than (D_.), = — (3-17)

50’k N

1 omy
==

where i = 0 corresponds to the filter,

’_‘.
It

k corresponds to the stage under consideration,

m.

i mass collected on stage i, and

N corresponds to the total number of stages.

Again, this equation requires that the stages be counted upward from the
final filter.

3.5.5 Combining Data from Multiple Runs

The previous parts of this section deal with the analysis and presentation
of data from a single impactor run (sample). However, in most cases a number
of runs will be made at each source and condition tested, and the data from
these several runs must be combined or averaged to produce the desired final
distribution. These runs may represent repeated samples taken at a common
location, or they may be samples taken from a number of locations across a duct
to insure that a representative result is obtained in circumstances where
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stratification may or does exist. Even under the best of circumstances,
combining data from multiple samples can be difficult. Differences in sampling
flow rates, temperatures, and perhaps in the hardware used from one run to
another will result in variations in the cut diameters (D O'S) for any one
impactor stage from one run to the next at any location. ~Because of these
differences in stage Dso's, it becomes improper to simply average the results
for individual stages or to directly compare them for calculating control
device efficiencies. The solution to the problem is to generate a continuous
analytic function (or series of functions) which fit the measured results for
each run. Interpolation using these functions permits one to express the
results of all the runs at a common set of selected diameters. Once the data
are adjusted to a common diameter basis, it becomes a simple matter to average
and compare runs.

Two approaches have been tried in generating analytic expressions fitted
to measured data. In one approach, least squares or other optimizing
procedures are used to fit any one of a number of common distribution functions
to the data (e.g. the log-normal function). However, except in rare instances,
these functions are only approximations to the real distributions and may be
poor approximations at that. The more widely favored and used approach is to
make a piecewise continuous spline fit to the data. Usually such a fit is made
to one of the forms of the cumulative distribution because in the limit the
stage cuts become true step functions and, fits to the cumulative distribution
become exact. In any case, such techniques provide useful interpolation
methods, and, by making use of some boundary conditions, can be used to make
reasonable extrapolations beyond the size range spanned by the largest and
smallest Dso's of the impactor.

A spline technigue was recommended for use by the ARB and is implemented
in the computer data reduction package detailed in Appendix A of the procedures
document (it is impractical, laborious and time consuming to apply the
technique using manual calculations)., The technique is a modification of one
proposed by Lawless (1978) in which a cubic spline fit is made to the
cumulative percentage form of the measured distribution in log- probability
space. Modifications have been made to Lawless's technique to insure that no
negative slopes are generated and to force continuity in slope in the
extrapolation regions beyond the span of the impactor DSO's. The results of
the fit to the cumulative percentage data points are converted back to a
concentration basis for the remaining steps. Once obtained, the analytic
expression(s) for the fit can be used to generate values of the cumulative
distribution at user selected particle sizes and can be differentiated to
obtain values of dM/dLogD at any desired diameter.

An alternative spline fit procedure was developed by Johnson et.al. (1978)
as a part of the development of CIDRS (Cascade Impactor Data Reduction System)
for the US EPA. 1In the EPA CIDRS the fit is made in log-log space to the
cumulative concentration form of the distribution. Modeling of impactor
performance in sampling unimodal and bimodal particle size distributions and
comparisons of the resulting apparent distributions produced by the EPA CIDRS
with the originals showed excellent agreement within the span of the impactor
DSO's and fair agreement in extrapolations to beyond a factor of two in
diameter from the limits of the measurement range (McCain et.al., 1979).
Similar tests of the EPA CIDRS by Smith et.al. (1982) showed that the maximum
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errors which might be expected in extrapolations of cumulative concentrations
to diameters of about twice the D, of the first impactor stage were about 15%
and typical errors would be 5% or &ess. Because most aerosol size
distributions are approximately log-normal, the curvatures of the distribution
plots are much less radical in log-probability space and consequently easier to
fit without generating artifacts; therefore, the cubic spline fit in
log-probability space was selected for use by CARB. Experience in fitting the
same data by both the Lawless and SoRI techniques has shown good agreement
between the two when the data are well behaved and superior performance by the
log-probability fit when the cumulative concentration curve showed extreme
curvatures. Therefore, the errors associated with the extrapolations made
using the Lawless method are expected to be no worse than comparable to those
from the EPA CIDRS technique.

Averages of size distribution data are generally desired in both
differential and cumulative forms together with measures of the scatter in the
data (e.g., variances and/or confidence limits). Having obtained the spline
fits, it becomes a simple matter to obtain average values of dM/dLogD and
associated variances for a standard set of user selected diameters. In
addition, standard statistical tests for outliers can be used to flag and, if
desired, remove values from the averaging process if they deviate too greatly
from the rest of the data.

The situation becomes more complicated when averages for the cumulative
forms of the distribution are sought. Direct averaging of data in the
cumulative percentage form is quite inappropriate because all information
m%ﬁhgmhﬁmcmmMmﬁmsmmg&emmishﬂin&ewmhﬁm
bercentage distribution form. The average cumulative percentage distribution
must instead be generated from the average cumulative concentration. Because
errors in values for single impactor stages are propogated forward from the D
of the stage throughout the remainder of the distribution, valuable information
from stages other than the one with the bad data will be lost if the cumulative
distributions are averaged directly with removal of outliers. On the other
hand if direct averaging is used without omitting erroneous values detected
through outlier analysis, the errors are incorporated in the final results. In
order to circumvent these broblems, average cumulative distributions are better
constructed by numerically integrating the averaged differential distribution.
This results in the omission of data from the averaging process only for sizes
in the immediate vicinity of the range covered by the stage(s) for which the
values are suspect. Variances for the resulting points on the cumulative
distribution curve are estimated by using the fact that the variance in the sum
of two quantities is equal to the sum of their individual variances.

Another complication is introduced if the velocity profile across the duct
from which the samples are taken is not uniform. The actual transport rate of

particles, Rj, of any given size through the duct is given by the expression

R; = area fci- vdA (3-18)

3-51



where C; = the local particle concentration for size i,
and v = the local gas velocity.

This integral is normally approximated by the sum:

Ry =) Ci,n * Vn* By (3-19)
n

3
®
[a]
[t
o
i

partial duct area represented by a particular sample,

0
i

the concentration measured at point n,

and v

the velocity at point n.

(Note that this is exactly analogous to the manner in which emission rates are
measured using Methods 5 and 17.) Therefore, the correct procedure for
combining data from runs made at several different locations in the duct cross
section is to construct averages which are weighted by the velocities at the
sampling points and by the cross sections for which the velocities are
representative. Provision for making these weighted averages is made in the
computer data reduction package provided as a part of the contract.

3.5.6 Calculation of the Fractional Efficiencies of Control Devices

The efficiency with which a control device collects particles of a given
size is given by the expression:

E =1 -(Cy/Cy) (3-20)
where

Co = the outlet concentration at that size
and Ci = the inlet concentration at that size

with both concentrations being expressed at the same gas conditions. Since
(dM/dLogD)i represents the concentration of particles having diameter, between
D; and D; + dLogD, respective inlet and outlet values of dM/dLogD may be
substituted for the concentrations in the equation. These values can be
obtained from the spline fits if data from individual runs are to be compared,
or from averages of the differential distributions if data from multiple runs
are to be compared.

3.5.7 Cascade Impactor Data Reduction System (CIDRS)
Although it is possible to reduce data obtained from cascade impactors by
hand or with calculators, the number of calculations which must be done to

treat the data from just one impactor run make hand calculations impractically
laborious. When the treatment of data from multiple runs is considered it

3-52



K -

-

becomes obvious that a computer is required. In March 1978 a system of
programs known by the acronym "CIDRS" (for Cascade Impactor Data Reduction
System) was published for this purpose by the US EPA. CIDRS was written in
Fortran for use on large "main-frame" computers and has been adapted since for
use on some minicomputers. Denver Research Institute released an adaptation
of CIDRS written in BASIC for the TRS~80 micro-computer in March 1980. The
system described here, Apple CIDRS, is an updated and expanded adaptation of
the TRS-80 CIDRS, written in BASIC for the Apple II micro-computer series.
With some effort, the program could be adapted to any other micro-computer
which is programmable in one of the variants of Microsoft BASIC.

The CIDRS package consists of a series of programs which together provide
the capabilities to:

1) Calculate and store the values of needed ancillary data such as dry gas
composition and moisture content of stack gases (Methods 3 and 4).

2) Reduce velocity (pitot) traverse data (Method 2) and aid in the
selection of sampling flow rates and nozzle dimensions.

3) Generate files containing the hardware specifics on the impactor
configurations used in sampling for later use in calculating stage Dso's.

4) Reduce the data from individual impactor runs and generate size
distribution information from that data at a set of standard conditions for a
standardized array of particle sizes.

5) Combine and appropriately average the results from multiple sample runs
obtained at a single source.

6) Calculate the fractional efficiencies of control devices from samples
obtained at the control device inlets and outlets.

7) Plot the size distributions and fractional efficiencies obtained
above.

In addition, pfograms are also provided to facilitate program selection,
for carrying out disk file "housekeeping" chores, defining orifice constants
for use in flow rate calculations, and for reducing Method 5 and Method 17
data.

Briefly, the programs in CIDRS relating to single impactor run data
analysis are:

MPPROG - This is the main program of the system. It accepts and reduces the
raw data from single impactor runs. The program calculates impactor stage
Dso's, particle concentrations for each stage, provides some information for
quality control and data validation, calculates log-normal distribution
parameters based on a least squares best fit to the measured size distribution,
and generates size distribution information for a set of standardized particle



sizes through a spline fit and interpolation/extrapolation procedure. Raw data
may be saved on disk for subsequent reuse and the final results can also be
saved for plotting or to be combined with data from other runs.

ORSAT - Accepts data from Orsat analyses, calculates excess air for combustion
processes, and writes the gas composition data to disk for later use by
MPPROG.

METH4 - Reduces data from Method 4 moisture content sampling and writes the
results to a disk file for later use by MPPROG. The file value for moisture
content becomes the default value used in reducing impactor data, but it can be
altered in MPPROG.

DEF/IMP - This program builds files containing specific hardware information on
the impactor configurations used in sampling. Information on the type of
impactor (round or rectangular jets), number of stages, the number and sizes of
the jets on each stage, calibration values of szo for each stage, and jet to
plate spacing for each stage must be entered. The information in these files
is used by MPPROG for calculating the stage D50's.

DEF/ORI - MPPROG permits the impactor flow rate and gas volume sampled to be
calculated from data obtained with dry gas meters or from orifice meters at the
users option. This program generates files of orifice calibration information
for use by MPPROG if the flow rate is to be calculated from orifice meter data.
It also calculates values for AH@ for use in setting flow rates during
sampling.

The programs in CIDRS related to combining data from multiple runs are:

STATIS - A program for averaging data from multiple runs made under similar
conditions. Simple averages of the differential forms of distributions are
made with tests for and rejection of outliers being made at the user's option.
The average differential distribution is then integrated to obtain the average
distribution in the cumulative forms. Standard deviations and 90% confidence
limits are calculated for all forms of the distribution. Provision is also
made for correcting the data for errors arising from anisokinetic sampling if
the user so desires. The results can be written to disk for later plotting and
for use in calculating fractional efficiencies of control devices.

SYNTRAV - Similar to STATIS but performs velocity weighted averaging for
properly combining results obtained in ducts having skewed (or non-uniform)
velocity distributions.

EFFICIENCY - Calculates the fractional efficiencies of control devices from
control device inlet and outlet data sets. The inlet and outlet data can be
from single runs or averaged results from STATIS or SYNTRAV. If both the inlet
and outlet data sets are averaged results, confidence limits for the resulting
efficiencies are also calculated.



Plotting - Only screen plotting capabilities are included in the system with
provision for doing "screen dumps" to dot matrix printers that have graphics
capability. The actual plotting is done via a commercial machine language
program, Ampergraph. The programs on the impactor run analysis disk related to
plotting are:

PLOT3 - Plots data from single runs in three forms: differential, cumulative
mass concentration, and cumulative percent by mass. In the cumulative forms
both the original distribution generated directly from the data and the results
from the spline fit are plotted.

STATPLOT - Plots the results of combining data from multiple runs by STATIS or
SYNTRAV. The results are plotted in the same three forms as used in the single
run plotting. Error bars representing 90% confidence limits are also shown.

EFF/PLOT - Plots fractional efficiency results from EFFICIENCY together with
error bars representing 90% confidence limits,if available.

The programs related to field setup include programs for Orsat
calculationé, Methods 2, 4, 5 and 17 data reduction, calibration of orifice
meters and dry gas meters using NBS traceable laminar flow devices, calibration
of pitot tubes, and sampling setup programs for Methods 5 and 17 and cascade
impactors. These are:

MTOP - Method 5/17 setup program. This Program aids in selecting the correct
sampling nozzle to use for Method 5 or 17 sampling and provides an alternative
to the standard sampling nonograph for generating metering orifice settings by
generating a table of corresponding pitot and metering orifice settings. The
latter can simplify field sampling, and permits the use of non-standard
metering orifices, which can be advantageous at times.

MTDR - Data reduction program for Methods 5 and 17.

IMPOP - Program for reducing velocity traverse data, selecting impactor nozzle
diameters and flow rates for isokinetic sampling, selecting metering orifices
for impactor sampling, and generating orifice meter bressure drop settings for
impactor sampling.

PCONST - Program to calculate calibration constants for pitot tubes from
comparative velocity pressures at a common location.

The programs described above all use menu selection of all options, and

- provide interactive prompts for data input. More complete descriptions of each
of the programs, lists of all variables used, and detailed operating
instructions are found in an appendix to the Procedures Manual for the Proposed
ARB Particle Sizing Method.



